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ABSTRACT 
 
Loss of dead wood habitat and biodiversity has led to numerous excellent 
conservation based ecological and management studies. However, the 
structure of the xylophagous food web remains unclear for saproxylic 
xylophagous beetles and their parasitoid wasps, but fungi are believed to play 
an important role, both in direct and indirect nutritional acquisition and 
production of volatile chemicals. In the first study of its kind this thesis 
explores the importance of volatiles in host-searching behaviour and role of 
fungi in oviposition choice and larval nutrition, using three endophytic fungi, 
Stereum hirsutum, Stereum gausapatum and Eutypa spinosa, and two tree 
species Fagus sylvatica and Quercus robur, in early stage decay.  
Newly designed traps, excluding wood visual stimuli, provided the first 
evidence of wood-fungal volatile attraction by saproxylic wood-boring beetles, 
including primary and secondary xylophages, and their parasitoid wasps. 
Expanding on these results, the importance of fungi was further demonstrated 
through oviposition choice in field logs by two polyphagous cerambycid 
species. Ovipositing within or 20 mm from their preferred fungal species plug, 
females chose abiotic conditions suitable for sustaining fungal growth, 
suggesting a larval nutritional benefit. Further investigation, using one of the 
cerambycid species above, corroborated, via olfactometry, that volatiles from 
the preferred wood-fungal combination were attractants to gravid females, 
and induced ovipositor probing within the olfactometer. In addition, GC-EAG 
found six volatile compounds provoked an antennal response, including a 
monoterpene, two sesquiterpenes, an alkane and a ketone. Most importantly 
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olfactometry and GC-EAG showed gravid females were unresponsive to wood 
or favored fungus presented singly. The result are discussed herein. 
In conjunction with the volatile only field trap experiment, a novel method to 
promote fungal only volatiles, by autoclaving the wood prior to sub-culturing, 
was trialed.  GC-MS comparative analysis showed disparity between agar 
sub-cultured, autoclaved wood and natural wood with fungi, volatiles.  This 
suggests that genes encoding cellulases and hemicellulases are regulated 
according to carbohydrate source, nutritional availability, oxygen and metal 
ions, supporting the variations observed. These results are discussed herein 
with regard to xylophagous beetles and their parasitoid wasps. 
The principal findings of this thesis are that wood-fungal interaction volatiles of 
the ephemeral early decay stage provide important olfactory host resource 
cues for saproxylic xylophagous beetles and their parasitoid wasps. Fungi, 
and particular, endophytic fungi, were shown to be a key component of the 
early stage xylophagous food web through volatile production, and as 
nutritional support evidenced by oviposition choice, olfactometry, GC-EAG 
and GC-MS analysis. 
 
This thesis has opened a new, exciting and important area of research with 
the potential to radically improve conservation management and employ a 
more holistic approach. These insights bring together the disparate research 
conducted individually on wood decay fungi, saproxylic xylophagous beetles 
and their parasitoid wasps 
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1.1 Introduction 
The structure of the xylophagous food web remains unclear for saproxylic 
xylophagous beetles and their parasitoid wasps, but fungi are believed to play 
an important role, both in direct and indirect nutritional acquisition and 
production of volatile chemicals. Likewise, how xylophagous beetles and their 
parasitoid wasps identify a suitable resource is uncertain but volatiles are 
often sited in pest species attraction (Byers, 1992; Vrko et al., 2000; 
Pettersson, 2001; Pettersson et al., 2001; Ginzel & Hanks, 2004; Holighaus, 
2006; Villagra et al., 2007; Boone et al., 2008). The aim of this thesis was to 
focus for the first time on the role wood-fungal volatiles and fungi play in host / 
ovipositing searching behaviour in saproxylic xylophagous beetles, especially 
cerambycids, and their parasitoid wasps.  
 
1.2 Xylophagous coleopterans, parasitoid Hymenoptera 
Great Britain harbours 1800 species of invertebrates associated with wood 
decay (Alexander, 2002). Of these, 202 species from 14 families including 
Cerambycidae, Anobiidae, Scolytidae and Bostrichidae, are xylophagous 
coleopterans, concomitant with moribund, early, middle and late stage wood 
decay. The term xylophagous is defined as insects that feed in heartwood of 
woody vegetation (Alexander, 2002).  
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Some 76 species of saproxylic parasitoid Hymenoptera are associated with 
verified xylophagous beetle hosts (Shaw & Hochberg, 2001; Alexander, 
2002). Saproxylic insects are defined as those that depend on dead (twigs, 
coarse woody debris or snags) or moribund trees including and/or wood 
decay fungi, for some part/all of their life cycle (Speight, 1989). The 
xylophagous coleopterans may also be termed saproxylic and therefore 
sapro-xylophagus.  
 
1.3 Infochemicals 
Dicke and Sabelis (1988) define Infochemicals as chemicals that 
communicate information between individuals (e.g. plants, insects, fungi) and 
thereby evoke a physiological or behavioural response in the receiver. This 
wealth of information for an insect is processed through olfactory and 
gustatory senses indicating suitability of a resource at both long and short 
range (Gullan & Cranston, 2005). Chemical ecology has demonstrated that 
host volatiles form part or all attractants for phytophagous and 
haematophagous insects to resources with respect to feeding and oviposition  
(Blackwell, et al., 1996; Barata & Araujo, 2001; Crook, et al., 2008; Xue & 
Yang, 2008).  
The limited xylophagous beetle research focused mainly on pest species, 
indicates host volatiles form an important component of resource location 
(Byers, 1992; Vrko, et al., 2000; Ginzel & Hanks, 2004; Holighaus, 2006).  
Adult cerambycid fitness is conditional on rapid detection of appropriate larval 
nutrition and abiotic conditions. Detection speed reduces the risk of larval 
cannibalism (larger larvae eat smaller individuals) via reduced intraspecific 
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larval density, advantageous to larval growth. This is reflected in larger adult 
body size, dispersal ability and resource location, male competition and 
subsequent mate selection (Hanks, 1999; Ginzel & Hanks, 2005).   
The complex of volatiles from decay fungi Coriolus versicolor and Donkioporia 
expansa growing in oak, were shown by Belmain, et al. (2002) to have a 
positive anemotactic attraction compared to controls on the xylophagous 
beetle, Xestobium rufovillosum (Deathwatch beetle).  Further, work on pest 
cerambycids e.g. Monochamus galoprovincialis, Batocera horsfieldi, 
Hylotrupes bajulus, Anoplophora malasiaca and scolytids e.g Tomicus 
piniperda, Dendroctonus terebrans, Hylobius abietis (via trap lure or electro-
antennograms) has determined volatile attractants of recent dead wood and 
stressed trees. They include ethanol, either singly or with oak (deciduous 
trees), or in combination with, for example, -pinene, ipsenol, ipsdienol and 2-
methyl-3-buten-2-ol (coniferous trees), to be beetle attractive (Montgomery & 
Wargo, 1983; Dunn & Potter, 1991; Byers, 1992; Dezene et al., Fettköther et 
al., 2000; Flechtmann et al., 2000; Pajares et al., 2004; Weissbecker, et al., 
2004; Bjorkland et al., 2005; Sweeney, et al., 2007; Francardi, et al., 2009; 
Dodds, et al., 2010; Yang et al., 2011; Yasui et al., 2011). 
 
The overwhelming majority of parasitoid hymenopteran infochemical research 
is focused on economic pest phytophagous insects and pest xylophagous 
insects of living trees.  Quicke (1997) has suggested that most hosts have 
evolved to present little to no odoriferous compounds and that once general 
habitat volatile cues have been identified the parasitoid relies on more 
localised visual, gustatory or vibrational signals (Schmidt, et al., 1993; Kroder, 
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et al., 2007; Larocca, et al., 2007). Consequently, detectability / reliability (Vet 
& Dicke, 1992) of finding concealed hosts may rely more on long-range 
volatile cues derived from the host resource. 
Pettersson et al. (2000; 2001) demonstrated the importance of long-range 
volatiles for host detection in living trees. Volatile oxygenated monoterpenes 
from living spruce (Picea abies) attacked by concealed scolytid (bark beetle) 
larvae strongly attracted parasitoid bark beetle wasps (Roptrocerus mirus, R. 
tutela and R. xylophagorum: Pteromalidae) in olfactometry and GC-EAD 
responses.  
Wind tunnel experiments with a fungus infected plant and host Spodoptera 
exigua showed the parasitic wasp Cotesia marginiventris oriented toward 
these volatiles at distance in preference to healthy plants with their host 
present (Cardoza, 2003). Host recognition before landing was also 
demonstrated in Microplitis croceipes (Braconidae) in response to host larval 
Helicoverpa frass (Rose, et al., 1997). This suggests that biochemical 
changes through mechanical or fungal interaction can communicate at 
distance a resource for xylophages or parasitoids.  
 
1.4 Saprophytic fungi  
It is widely accepted that the majority of (if not all) temperate and tropical 
plants have at least one quiescent endophytic fungus, probably transferred 
horizontally via spores or vertically via the plant seeds (Parfitt, et al., 2010; 
Aly, et al., 2011). Decay fungi are quiescent in healthy plant tissues but their 
establishment is initiated by a decrease in moisture content and onset of 
gaseous atmospheric conditions, apparent in moribund and recent dead wood 
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(Chapela, 1989; Hendry, et al., 2002; Baum, et al., 2003).  This “relationship” 
is in contrast to those of mutualistic, pathogenic and parasitic fungi (Sieber, 
2007; Giordano, et al., 2009; Courty, et al., 2010).  
 
Saprophytic fungi are the principle organisms of wood decomposition and 
secrete digestive enzymes directly onto the substrate. Two main enzymatic 
strategies are employed; while mainly hardwood white rot fungi exploit 
cellulose, hemicellulose and lignin mainly coniferous tree brown rot fungi 
leave lignin intact. The white rot fungi are more numerous than brown, with 
colour relating to the dead wood appearance (Rayner & Boddy, 1988; 
Goodell, et al., 2008).  
 
These processes release a surprising number of (30+) volatile organic 
compounds, as does intraspecific and interspecific fungal competition / 
recognition with the greatest numbers (40+) noted in fruiting bodies (Gara, et 
al., 1993; Shimin, 2005; Hynes, et al., 2007; Evans, et al., 2008; Zeigenbein & 
Konig, 2010). These compounds include alcohols, aromatic compounds, 
ketones, monoterpenes and particularly sesquiterpenes. The mycelium of 
Serpula lacrymans and Coniophora puteana (Basidiomycota, brown rot) each 
emit six unique volatiles, including 2-methylbutanol and, diethylene glycol and 
4-methylbenzoate, respectively (Ewen, et al., 2004).  
 
British wood decay fungi, saprophytes (feeding on dissolved organic 
molecules by enzymatic action on dead organic matter), comprise 3216 
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species in temperate forests, including 75% Basdiomycota and 25% 
Ascomycota (Norden, et al., 2004; Irsenaite & Kutorga, 2006). 
 
 
1.5 Habitat threat and effect 
Exploitation of managed forests, clearing dead wood for aesthetics and pest 
insect control, urbanisation and agriculture and source of fuel in developing 
countries and those seeking a “green” source, have all led to a world 
decrease in the recent history of dead wood availability (Kirby et al, 1991; 
Green & Peterken, 1997; Kirby et al., 1998; Bouget et al., 2012). Compared to 
mainland Europe with 9.9m3/ha (range 0.9 to 23m3/ha) of dead wood the 
United Kingdom (3 million hectares of forest) has approximately 3m3/ha of 
lying and 1m3/ha standing dead wood (MCPFE, 2007); using survey criteria of 
minimum timber 2 m length and minimum 4-10cm diameter. This exploitation 
and reduction of volume, position (e.g. snag, log, etc.) and stage of dead 
wood, is shown to lower diversity of xylophagous / saproxylic coleopteran and 
decay fungi, including both decay specialists and rare species. Mixed living 
tree species and age classes give rise to variously aged dead wood 
compared with intensely managed, even age, monoculture (Irmler, et al., 
1996; Shiegg, 2000; Kappes & Topp, 2004; Jonsell, et al., 2007; Davies, et 
al., 2008; Muller, et al., 2008; Vodka, et al., 2008; Brunet & Isacsson, 2009 a, 
b; Fossestol & Sverdrup-Thygeson, 2009; Buse, et al., 2010).  
 
The reduction in dead wood has impacted on xylophagous beetles with 42% 
of species threatened in Great Britain (Alexander, 2002). The higher trophic 
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level parasitic Hymenoptera help maintain a balanced ecosystem and are 
often specialists that have co-evolved with their host. According to LaSalle 
and Gauld (1993) these should be recognised as a keystone group in 
conservation. Their higher trophic level leaves them vulnerable to habitat loss 
/ fragmentation but, unfortunately, research on their ecology, hosts and host-
searching behaviour is impoverished (Shaw, 2006; Shaw & Hochberg, 2001).  
 
The wood decay fungi have eleven species on the priority list (JNCC, 2007). 
This low number is not an indictment of abundance, merely a lack of research. 
Studies on management strategy, CWD, elevation and tree species, with 
regard to fungal diversity, conservation and effect on the forest ecosystem are 
now being undertaken (Norden & Paltto, 2001; Norden, et al., 2004; Sippola, 
et al., 2004; Irsenaite, et al., 2006; Odor, et al., 2006; Lonsdale, et al., 2008; 
Pouska, et al., 2010; Torbjorn, et al., 2010). 
 
1.6 Aims and objectives 
The overall aim of this study was to understand the saproxylic xylophagous 
food web of early hardwood decay, specifically the role of decay endophytic 
fungi, with respect to host cue volatiles, oviposition and larval nutrition in 
xylophagous beetles and their parasitoid wasps. 
Objectives: 
1. To assess the volatile attractiveness of wood-endophytic decay fungal 
volatiles to pioneer xylophagous beetles and their parasitoid wasps in 
resource location. Using beech or oak sub-cultured with a tree specific 
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endophytic fungi and / or ubiquitous endophytic fungi. 
 
2. To assess autoclaved wood with fungi as a novel alternative to fungi 
sub-cultured on agar, as a field treatment for fungal volatile 
attractiveness. 
 
3. To assess the role endophytic fungi play in oviposition choice of 
pioneer xylophagous beetles, via dissection of fresh field placed logs 
containing fungal plugs and control logs (fungi free). Treatments will 
comprise of wood and fungal combinations indicated by insect 
preference results from objective 1. 
 
4. To maintain log dissected xylophagous larvae for identification of any 
emerging parasitic wasps. 
 
5. To assess the role sun / shade, wood moisture and density play in 
oviposition choice of field placed logs (obj.3). 
 
6. To test whether wood – fungal volatiles attract mated adult female and 
males cerambycids, by olfactometry.  Adult mated cerambycid species 
absent as larvae from log experiment will act as controls.  
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7. To test whether wood – fungal volatiles elicit an antennal response in 
mated adult female and male cerambycids, by GC-EAG, against adult 
mated cerambycid species absent as larvae from log experiment acting 
as controls.  
 
8. Identify volatile chemicals that elicit an EAG response via GC-MS. 
 
9. To assess, via GC-MS, whether the volatile profiles of autoclaved wood 
/ fungal combinations are a viable alternative for expressing fungal 
volatiles, in the field, compared to sub-cultured fungi on agar plates. 
 
1.6 Hypotheses: 
The above objectives are linked to the following hypotheses:  
 
1. Pioneer xylophagous beetles and/or their parasitoid wasps show a 
preference for natural combined early decay stage wood and fungal 
volatiles, for resource location, without visual stimuli. (Objectives 1, 
3, 4, 5, 6). 
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2. Pioneer xylophagous beetles and/or their parasitoid wasps show a 
preference for autoclaved wood with fungi, promoting fungal only 
volatiles. (Objectives 1, 2, 9).  
 
3. Visual stimuli and volatiles are both required by pioneer 
xylophagous beetles for resource location (1, 2, 3). 
 
4. Endophytic fungi within recent dead logs, influences oviposition 
choice in pioneer xylophagous coleopterans. (Objectives1, 3, 4, 7). 
 
5. Abiotic factors influence oviposition choice in pioneer xylophagous 
beetles (Objective 5). 
 
6. Mated adult female cerambycids show a volatile preference for 
combined beech and endophytic fungi in olfactometry (Objective 6). 
 
7. Mated adult female cerambycids show an EAG response to 
combined beech and endophytic fungal volatiles (Objective 7). 
 
8. The chemical profile indicates combined autoclaved wood and 
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fungus is a viable alternative to agar-plated fungi for field 
experimentation (Objective 9).  
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2.1 Evolutionary relationships 
 
To investigate the interactions that take place between dead wood, fungi, 
xylophagous coleopterans and their hymenopteran parasitoids it is important 
to understand host / parasitoid evolution and relationship over time (Figure 
2.1a).  
Early fungal and insect co-evolution is hotly debated, with molecular clock 
studies over fossil morphology giving substantial temporal variations 
(Heckman, et al., 2001; Heraty, et al., 2006; James, et al., 2006; Taylor & 
Berbee, 2006; Shock, et al., 2009). The nature of fungi means that fossilized 
evidence is scarce and generally the effects of fungal decay on plant structure 
infer the decay type e.g. white or brown rot (Krings, et al., 2007). Interestingly, 
Stubblefield (1985) and Taylor & Krings (2005) noted the morphological 
similarity in structural decay between extant and fossil fungi, postulating little 
change in the biochemistry of decay processes. The basal lineages of beetles 
proposed to have lived within dead wood (Ponomarenko, 2003) therefore 
suggests that xylophagous beetles and parasitic wasps have evolved for ca. 
150 mya in a similar organic volatile environment to that of the present day. In 
addition, endosymbionts such as bacteria or fungi that can assist xylophagous 
coleopteran digestion of woody tissue (Vasanthkumar et al., 2010; Grunwald 
et al., 2010) have been demonstrated by Conord et al, (2008) to have been 
associated with Curculionidae (Coleoptera) e.g. Hylobius spp. for at least 125 
million years. 
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Figure 2.1a. Evolution of and relationship between plants, fungi, xylophagous beetles and parasitic 
wasps (Plants: Creber & Ash, 1990; Cai, et al., 1996; Kenrick & Crane, 1997; Weng 
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& Chapple, 2010; RFS, 2012. Fungi: Stubblefield, et al., 1985; Berbee & Taylor, 1993; Taylor & Taylor, 
1996; Redecker, et al., 2000; Brundrett, 2002; Taylor & Krings, 2005; Labandeira, 2005; Taylor & 
Berbee, 2006; Krings, et al., 2007; Berbee & Taylor, 2007; Hermann & Podkovyrov, 2008; Pujana, et al., 
2009. Xylophagous Coleoptera: Pononmarenko, 2002; Grimaldi & Engle, 2006; Hunt, et al., 2007; 
Ponomarenko, 2010; Grimaldi, 2010; Labandeira, 2011; Dong, et al., 2011. Parasitoid Hymenoptera: 
Grimaldi & Engle, 2006, 2007; Perrichot & Nel, 2008; Heraty, et al., 2011).  
 
The earliest recognised arthropod antenna belonged to trilobites of the middle 
Cambrian that were flagellum - shaped, long and multi-segmented (Hansson, 
1999).  A Devonian collembolan Rhyniella praecursor (Figure 2.1a) 
represents the earliest known insect antennae; in addition at this time odour 
receptors are believed to have evolved in response to a terrestrial habitat 
(Hansson, 1999). The evidence for ancient odour receptors (OR) follows 
research on the Drosophila melanogaster (Diptera) genome and molecular 
evolution of sixty OR genes where it highlights one exceptionally divergent 
gene OR83b (Figure 2.3) which has been conserved throughout 
holometabolan evolution (Robertson et al., 2003). However Hansson (2011) 
disputes this and supports a later radiation of odour receptors driven by 
vascular plants and increase in environmental volatiles. 
 
2.2 Insect olfaction 
Chemical volatile information, gathered via insect antennae is transmitted to 
neural networks that elicit subsequent behavioural responses (Hansson, 
1997). These inform the insect, through repellency, attractiveness or 
neutrality, of appropriate food, mates, oviposition substrates, prey, host 
individuals, potential threats, etc. (Quicke, 1997; Baaren et al., 2007; Wang & 
Yang, 2008; Dannon et al., 2010). They can act as kairomones (benefits 
receiver only), allomones (benefits producer) or synomones (benefits 
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producer and receiver) (Gullan & Cranston, 2005). This complex is shown for 
example by bark beetle (scolytid: Ips spp.) aggregation pheromones 
(allomones, synomones) that include ipsenol, ipsdienol and verbenone that 
also, to their detriment, attract Cerambycid mated females searching for an 
oviposition host (kairomone) which then effects bark beetle larval survival 
(Byers, 1992; Allison et al., 2003; Allison et al., 2004).  Bark beetles 
(Scolytids) also cause chemical changes within their host substrate producing 
volatile oxygenated monoterpenes (kairomones) that strongly attract 
parasitoid bark beetle wasps Roptrocerus mirus, R. tutela and R. 
xylophagorum (Pteromalidae) (Pettersson, 2001). 
 
2.2.1 Insect antennal anatomy and physiology 
 
The wide range of antennal architecture (Figure 2.1b) noted in the insect 
class, signifies the importance of olfaction on insect behaviour. Situated on 
the insect head dorsal surface the two antennae are located one either side 
posterior or anterior to the eyes (Figure 2.2). Each comprises a basal 
segment, scapus, located in a ball and socket joint on the head and held in 
place by an elastic membrane; four muscles supply the movement e.g. 180o 
rotation in Cerambycids (Zhang et al., 2011). Followed by the pedicellus, with 
two muscles for movement attached to the scapus by an elastic membrane. 
This section houses Johnston’s organ that has ~ 200 scolopidia (sensory 
cells) which detect distal flagellum movement. Finally, flagellomeres form the 
flagellum containing sensory cells for chemo – thermal - mechano - hygro-
reception (Hansson, 1999: Gullan & Cranston, 2005). 
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Figure 2.1b. Examples of varying coleopteran antennal architecture, a – Curculionidae (geniculate), b – 
Eucnemidae: Melasis buprestoides (pectinate), c – Silphidae: Nicrophorus vespilloides (clavate), d – 
Cerambycidae: Leptura quadrifasciata (filiform), e -  Scarabaeidae:  Sericca brunnea (lamellate) (Hart, 
2012) 
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Figure 2.2. Antennal sections annotated with landmarks of cerambycid Stictoleptura scutellata (Hart, 
2012) 
 
Hansson & Stensmyr (2011) believe that physical constraints determine the 
antennal style rather than environmental volatiles. The structural shape of the 
antennae for example in Figure 2.1b (b) provides a larger surface area and 
thus potential to accommodate more sensilla.  
 
2.2.2 Sensilla 
 
Olfactory beetle and wasp chemo - sensitive antennal sensilla (Figure 2.3) are 
classified as single-walled, wall pores, comprising of two confirmed distinct 
beetle and parasitic wasp morphological types (which may be further 
 36 
subdivided numerically) (Meinecke, 1975; Merivee et al., 1998; Lopes et al., 
2002; Galizia & Rössler, 2010; Zhang et al., 2011).  
 
Figure 2.3. Schematic of an annotated generalized adult insect sensillum (a) and (b) chemical stimuli 
picked up by odour binding proteins (OBP) and passed on to odour receptors (OR) then to sensory 
neuron  (Reproduced from Sánchez-Gracia et al., 2009.) 
 
The two olfactory sensilla types are basiconica sensilla (Figure 2.4) that are 
short blunt tipped projections attached via a cuticular socket and placoid 
sensilla (Figure 2.5) that are flattened ridged cuticular plates with large 
chambers below, both of which are multi-porous (Lopes et al., 2002). 
  
Figure 2.4. SEM of basiconica sensilla of male and female Phoracantha semipunctata (Cerambycidae) 
Scale bar = 10m. A – flagellomere (male), B – basiconica I cluster (female), C & D pore detail on 
sensillum, scale bar 400nm (Reproduced from Lopes et al., 2002). 
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Figure 2.5. Placoid sensilla of Oryctes rhinoceros (Coleoptera) lamellate club antenna (A & B) (c1,c2 
and c3). (C) type I, (D) type II, (E) type 3, (F) S.coeloconica (not discussed) (Reproduced from Renou et 
al., 1998). 
 
 
The number and type of olfactory chemo-sensilla required by an insect is 
dependent on evolutionary adaptation and the complexity of signals and cues 
utilized for survival (Meinecke, 1975; Faucheux, 1994; Hansson, 1999; 
Baaren et al., 2007; Steiger et al., 2010; Zhang et al., 2011). This variation is 
shown in Table 2.1a, which illustrates the differences between insect orders, 
species and sexes from an adapted synthesis of data of known beetle and 
wasp antennal olfaction sensilla (Faucheux, 1994; Merivee et al., 1998; Gao 
et al., 2007; Zhang et al., 2011). 
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Table 2.1a.   Examples of mean olfactory basiconica and placoid sensilla per antenna  
 
Family/species 
 
Antennal 
structure 
Sensillum type No per antenna 
(mean) 
 
Cerambycidae: 
Leptura arcuata 
 
Filiform 
 
Basiconica 1 
Basiconica 2 
Basiconica 3 
 
(F) 1,317 (M) 1,198 
(F) 4,601 (M)  9,870 
(F) 236    (M)  247 
 
Cerambycidae: 
Leptura aethiops 
 
Filiform 
 
Basiconica 1 
Basiconica 2 
Basiconica 3                
 
(F) 3,209  (M) 2,935 
(F) 292     (M) 277 
(F)12,891 (M) 11,885 
 
Braconidae: 
Microplitis 
pallidipes 
 
Filiform 
 
Placoid 
 
(F) 29       (M) 74 
 
Scolytidae: 
Ips pini 
 
Clavate 
 
 
Basiconica 
 
 
    462 
     
 
Elateridae: 
Melanotus villosus 
 
Serrate 
 
Basiconica I 
Basiconica II 
 
(F) 1684   (M) 2989 
(F) 35       (M) 153 
 
(F = females, M = males. 1, 2,or 3 indicates morphological variations). 
  
 
2.2.3 Antennal physiology 
 
The neurological detection of odour molecules is an elegant system in insects 
that consists of odour binding proteins (OBP), odour receptors (OR), bipolar 
sensory neuronal axons, antennal lobe (AL) with numerous glomeruli and 
protocerebral structures.  
Following adherence to the waxy cuticle of the sensillum the odour molecule 
passes through the pore and enters the sensillum lymph. The lymph 
possesses a high number of hydrophilic OBPs (Figure 2.3(b)) produced by 
accessory cells that bind and transport the hydrophobic odour molecules 
onwards (Hansson, 1997; Krieger et al., 1997; Sandler et al., 2000). OBPs are 
divided into pheromone (POBP) or general odour binding proteins (GOBP) 
 39 
(Kreiger et al., 1993). Much research on nature and structure of GOBP and 
POBPs has taken place (Leal et al., 1999; Biessmann et al., 2010; Lagarde et   
al., 2011; Deng et al., 2012) with Swarup et al.  (2011) indicating OBP 
importance on behavioural responses via manipulated gene expression. The 
importance of OBPs in a predator-prey relationship was highlighted by 
Vandermoten (2011) using the aphid alarm pheromone/kairomone (E)-β-
farnesene. The aphid Sitobian avenae and its predators Harmonia axyridis 
(Coleoptera) and Episyrphis baleatus (Diptera) all showed highly preserved 
amino acid sequences in their OBPs relating to known ApisOBP3 (pea aphid 
elucidated (E)-β-farnesene OBP).  
 
Any unbound odour molecules in the lymph sensillum are degraded by odour 
binding enzymes (Hansson, 1997). Those that are bound by OBPs interact 
with odour receptors (OR) at the outer dendritic membrane of the sensory 
neuron (Figure 2.3(b)) (Hansson, 1997; Malpel et al., 2008; Sato et al., 2008) 
in conjunction with a chaperone gene family member of co-receptors Orco or 
aka OR83b. In the parasitic wasp Nasonia vitripennis 301 ORs have been 
identified from the gene superfamily and 61 specific ORs in Drosophila with 
OR83b (Larsson, 2004; Robertson et al., 2010). Importantly, OR83b assists 
ORs but does not respond to odour molecules (Benton et al., 2006). 
 
Signal transduction is proposed to be a ligand-gated ionotropic system (Sato 
et al., 2008) whereby the heteromeric OR-OR83b odour complex induces ion-
gated channel activity in the OSN. Sato et al. (2008) showed it to be a non-
selective cation conductance system (through measurement of inward / 
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outward currents) caused by an influx of extracellular Ca2+ to the intracellular 
environment using Bombyx mori (silkmoth), Anopheles gambiae (mosquito) 
and Drosophila melanogaster (fruitfly). Response times (latency) between 
insect ORs and vertebrate G protein ORs indicate that the vertebrate system 
requires a longer period of odour stimulation compared with insect ORs. 
Repolarisation is currently postulated to be a current leak of Ca2+ prolonging 
signal duration, rather than K+ (Gu & Rospars, 2011). This bodes well for GC-
EAG studies where frequently miniscule quantities of separated odiferous 
compounds arrive at the excised antennae.  
 
Sensory signals conducted by the insect OSN (cell body in antennae) arrive 
via the antennal nerve terminating in the antennal lobe (AL) of the 
deutocerebrum. The AL comprises of synaptic junctions between OSNs and 
AL local interneurons (neuropil) forming glomeruli (number insect species 
dependent) connected to a central area in the AL of neurites (Hansson, 1997). 
In Manduca sexta (moth) Reisenman et al. (2011) showed that the AL local 
interneurons, that modulate neuronal output activity, comprised ca 70% 
inhibitory or excitatory only with the remaining ca. 30% expressing combined 
responses. Demonstrated spatial glomerular activation (localised or global) 
patterns to individual odour chemicals, presented singularly or in a mixture, 
present the possibility for species glomerular chemical olfactory mapping 
(Galizia et al., 1999; Reisenman et al., 2011). With respect to insect 
pheromones Hansson et al. (1992) discovered AL sexual dimorphism with 
enlarged glomeruli termed macro glomerular complexes (MGC) used only to 
process female sex pheromones.  The excitatory signal travels from local 
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interneurons to projection neurons (PN) that have cell bodies within the AL.  
Wang et al. (2003) by two-photon calcium fluorescent mapping of the 
Drosophila brain determined that PNs dependably relay information from the 
glomerulus and Bhandawat et al. (2007) demonstrated amplification by PNs 
by weak ORN inputs (useful in olfactometry). In addition, glomerular 
fluorescence, when activated by odour, increased with higher odour 
concentrations compared to natural concentrations importantly it 
demonstrated that glomeruli are independent of each other and are odour 
specific (Wang et al., 2003).  
 
Projection neurons conduct the odour signal from the AL to the protocerebrum 
via antenno-cerebral tracts synapsing with Kenyon cells in the mushroom 
body (MB) calyces olfactory learning and memory (Debelle et al., 1994; Martin 
et al., 2011). The premotor lateral horn (LH), also connected to the MB 
(Mustaparta, 2002), has segregated areas it is believed responsible for 
olfactory stimuli such as predator, forage or sex pheromones via axonal tracts 
(Martin et al., 2011).  It is suggested that the LH is responsible for 
stereotypical or innate odour response behaviour (Jefferis et al., 2007). 
 
The integration of volatile signals and complexity of olfactory detection 
highlights the importance of this sensory mode for insect mate selection, host 
and food resources. 
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2.3 Woodlands 
Growing world concern over the loss of woodlands and forests, their 
biodiversity and the effects of climate change and atmospheric build-up of 
carbon dioxide has caused the importance of not only living wood, but also 
dead and decaying wood to be revalued as a resource in need of 
conservation (Davies et al., 2007).  Dead wood decay is essential for 
environmental processes such as nutrient recycling, carbon storage (help 
against climate change) and hydrological processes. Wood decay also 
supports around 33% of (broadleaf or conifer) woodland taxa including, fungi, 
insects, birds and mammals, which use this resource for all or part of their life 
cycle as food, shelter or both (Dudley & Vallauri, 2004; Smith, 2007; Jacob, 
Spence & Langor, 2007).  
 
In Europe, there are ca. 1 billion hectares of forest with 80% occurring in 
Russia.  Natural occurring dead wood quantities vary, for example, Ministerial 
Conference on the Protection of Forests in Europe, 2007 report, shows from 
22 countries the average combined volume of standing and lying dead wood 
(minimum 2 m length by a varying minimum 4-10 cm diameter (dependent on 
country)) was 9.9 m3/ha (range 0.9 to 23 m3/ha). The United Kingdom (3 
million hectares of forest) was shown to have approximately 3 m3/ha of lying 
and 1 m3/ha standing dead wood (2005).  
 In response to this climatic and biodiversity conservation need the Forestry 
Commission (UK) has implemented guidelines of 5 m3/ha of >15-20 cm 
diameter dead wood or three dead standing plus three fallen trees (Humphrey 
et al., 2002). The World Wide Fund for Nature (WWF) has stated that 20 – 30 
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m3/ha is better and would like this instigated by 2030 and the European Union 
27 member states have shown an increase in forested area over the last 15 
years of around 0.5% per year, but this is tempered by greater fragmentation 
(Dudley & Vallauri, 2004; EEA, 2008). 
 
Commercial foresters however, view the increase of dead wood, whether as 
coarse woody debris (CWD (dead wood material > 7.5 cm diameter and non 
self supporting e.g. lying)) or snags (standing dead wood e.g. self supporting), 
as a potential source for increasing insect pest species such as the bark 
beetle, Ips typographus (Coleoptera: Curculionidae: Scolytinae) within 
managed plantations (Harz & Topp, 1999).  Research suggests, however, 
dead wood can act as a sink habitat for pest species allowing predator / 
parasitoid insects to reduce pest population fluctuations within the managed 
habitat. Also logs, referred to as “nurse” logs, can give protection and 
nutrients to seedlings growing upon them (Kleinvoss et al., 1996; Zhong & van 
der Kamp, 1999; Kappes & Topp, 2004; O’Hanlon-Manners & Kotanen 2004; 
Jonsell et al., 2007; Hilszczanski, 2008). 
 
2.4 Coleoptera 
In Great Britain there are 690 species of saproxylic coleopterans associated 
with moribund to well rotted dead wood. These include fungivores, predators, 
sap feeders (recently cut wood) and woodborers. Xylophagous beetles 
constitute 202 species from this total with representatives in 14 families – 
Cerambycidae (longhorns), Lucanidae (stag beetles), Buprestidae (metallic 
woodborers), Bostrichidae (false powder post beetles), Anobiidae (including 
Ptininae), Lymexylidae, Trogossitidae (flat beetles), Oedemeridae (false 
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blister beetles), Rhynchophoridae (weevils), Curculionidae (weevils), 
Scolytidae (bark beetles), Platypodidae (oak pinhole borer) and Scarabaeidae 
(scarab beetles) (Alexander, 2002).  
The Biodiversity Research Council (2008) records indicate that nearly twice 
as many British Cerambycidae (xylophagous beetles) exploit moribund or 
dead deciduous trees compared to coniferous and of these, Quercus spp. are 
the most common.  
 
2.4.1 Xylophagous/saproxylic beetle habitat management 
 
Many studies have shown the importance of dead wood structure through 
volume, position (e.g. snag, log, etc), diameter and age, using window traps 
and eclectors (trunk / log), on saproxylic coleopteran diversity (Irmler et al., 
1996; Shiegg, 2000; Kappes & Topp, 2004; Müller et al., 2006; Vanderwel et 
al., 2006; Jonsell et al., 2007; Muller et al., 2008; Ohsawa, 2008; Vodka et al., 
2008; Brunet & Isacsson, 2009; Fossestol & Sverdrup-Thygeson, 2009; Shelly 
et al., 2009; Vodka et al., 2009; Buse et al., 2010; Foit, 2010; Horák et al., 
2010). Higher saproxylic diversity, decay specialists and rare species are 
found in a heterogeneous habitat compared to a homogenous one. Mixed 
living tree species and age classes giving yield to variously aged dead wood 
and higher diversity compared with even aged intensely managed 
monocultures (Davies et al., 2008). On a finer scale, further heterogeneity of 
the substrate exists within / on dead wood due to biotic and abiotic factors 
such as, moisture content, bark integrity, wood density, wood decay fungi and 
insolation (Speight, 1989; Gibb et al., 2006; Saint-Germain et al., 2010). 
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Muller et al. (2007) noted that intensively managed beech forests offer less 
saproxylic opportunities and reduced species richness compared to nature 
oriented thinning or unmanaged reserves. For example xylophages such as 
Cerambycidae and Buprestidae display a positive trend to thinning which 
produces fresh dead wood, open canopy, sun / temperature increase and 
establishment of flowering plants (beech woodland) (Muller et al., 2007; Franc 
& Götmark, 2008; Newell et al., 2009; Vodka et al., 2009). Deliberate partial 
thinning in oak forests also increased saproxylic beetle species richness (and 
herbivorous beetles) compared to unmanaged oak sites (Franc & Götmark, 
2008). Natural thinning by windstorm damage (oak-hornbeam forest) 
investigated by Bouget (2005a, 2005b) shows un-cleared mid sized gaps (0.3 
to 1 ha) were favoured by pioneer xylophages such as cerambycids and 
buprestids (insolation most important factor (Vodka et al., 2009)), but scolytids 
are as abundant in undisturbed plots (control) as gaps. Of note was that mid - 
sized gaps species richness was not intermediate between small and large 
gap sizes but species assemblages did differ from closed canopy controls.  
 
In one species of cerambycid it has been shown that logging intensity does 
not affect its abundance (Anthophylax antenuatus), but overall, cerambycid 
species richness (83 spp) increases with greater amounts of early stage CWD 
and is assisted by their high dispersal ability, as shown by the longhorn 
Rosalia alpina, to this ephemeral resource (Ohsawa, 2008; Drag et al., 2011; 
Saint-German & Drapeau, 2011).  
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A 15-year experiment was conducted to test the long-term priority hypothesis 
that pioneer species influence successional stages in deadw wood (Weslien 
et al., 2011). Pioneer sapro-xylophages influenced subsequent successional 
saproxylic species assemblages and fungi played an important role in this 
process. This may account for the distribution of threatened saproxylic beetles 
who are preferentially found in unmanaged beech reserves compared to 
nature oriented forestry, where man-made disturbance can attract pioneer 
xylophages capable of negatively altering the successional diversity to the 
detriment of less mobile threatened local residents (Økland et al., 1996; 
Lemperiere & Marage, 2010; Weslien et al., 2011).  
 
Fungi can be endophytic, wind dispersed spores or transported internally / 
externally by wood boring insects and as expected a heterogeneous habitat 
(of tree species, age, size, management strategy and amount of CWD) can 
positively affect the species richness of wood decay fungi (Kruys & Jonsson, 
1999; Norden & Paltto, 2001; Sippola et al., 2004; Irsenaite & Kutorga, 2006; 
Odor et al., 2006; Pouska et al., 2010; Persson et al., 2011). Unfortunately, 
research on wood / fungal mycelium attraction to xylophagous beetles is 
scarce, but positive anemotactic orientation to an odour plume of wood decay 
fungi Coriolus versicolor and Donkioporia expansa and oak wood by the 
xylophagous beetle, Xestobium rufovillosum (Anobiidae, Deathwatch beetle) 
was demonstrated by Belmain et al. (2001). The sapro-xylophagous beetle 
Dryocoetes autographus (Scolytidae, bark beetle) and saproxylic beetle 
Lordithon lunulatus (Staphylinidae, rove beetles), showed greater abundance 
in mycelium of Fomitopsis rosea infected wood and fruit bodies of Fomitopsis 
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pinicola, respectively; but overall sporocarp and mycelium species richness 
and abundance was similar (Johansson et al., 2006). 
 
Therefore the importance of pioneer xylophagous beetles and endophytic 
fungi must not be underestimated and management plans need to be tailored 
to individual sites rather than a one plan fits all approach. 
 
2.4.2 Xylophagous beetles and infochemicals 
 
The majority of xylophagous beetle infochemical research is based on pest 
species and indicates organic volatiles form an important component in host 
resource location (Byers, 1992; Vrko et al., 2000; Ginzel & Hanks, 2004; 
Holighaus, 2006).  Cerambycid fitness, for example, is primarily reliant on 
rapid location of suitable nutritional (and abiotic conditions of) larval host 
resources. Speed of location, reduces the risk of larval cannibalism (larger eat 
smaller individuals) via lower intraspecific larval density and increases larval 
growth. The positive effects of larger adult body size, influence dispersal and 
search capabilities, male competition and subsequent mate selection (Hanks, 
1999; Ginzel & Hanks, 2004).  
 
Xylophagous beetles generally detect and interpret complex odour mixtures of 
inter-intraspecifc and host volatiles, as demonstrated by bark beetles 
(Scolytidae) temporal arrival on fresh cut to eight-week old pine billets 
(Flechtmann et al., 1999). Species-specific catches appeared to coincide with 
oxygenated monoterpenes, ethanol and 4-allylansiole. The aggregation 
pheromones of Ips spp. for example include ipsenol, ipsdienol, frontalin and 3-
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methylcyclohex-2-en-1-one (also present in larval frass) when combined with 
host tree volatiles also attract (kairomone) cerambycids (both sexes), 
Monochamus clamator, M.scutellatus, M.obtusus and M. notatus, to the 
detriment of bark beetle larval survival (Allison et al., 2001, Allison et al., 
2003). Ethanol, produced by recent dead or stressed wood and stumps, 
presented singly and combined with oak (deciduous trees), or -pinene 
(coniferous trees) or ipsenol, ipsdienol and 2-methyl-3-buten-2-ol (scolytid 
aggregation pheromone) was an attractant to wood borers such as 
cerambycids, scolytids and predatory clerids (Montgomery & Wargo, 1982; 
Dunn & Potter, 1991; Weissbecker et al., 2004; Sweeney et al., 2007; 
Francardi et al., 2009; Dodds et al., 2010).  In addition the intra-specific 
aggregation pheromone 2-undecyloxy-1-ethanol, isolated from male 
Monochamus galloprovincialis (Cerambycidae: Lamiinae), was most effective 
when combined with tree host cues turpentine, α-pinene and ethanol 
presented with ipsenol, ipsdeniol, cis verbenol and methyl-butenol, (bark 
beetle (Ips spp) pheromones) (Pajares et al., 2004, Pajares et al., 2010). This 
illustrates the synergistic interaction of multi-sourced volatiles required in host 
identification compared to single volatile presentation. Following electron 
microscopy on Phorocantha recurva (Cerambycidae) ovipositors, Faucheux 
(2012) noted the presence of various subtypes of aporous basiconica, 
multiparous basiconica, aporous chaetica and coeloconica sensilla distributed 
variously along its length. The different functions of the sensilla include hygro-
receptivity, gustatory, mechano-sensory and olfactory, suggesting fine scale 
olfaction of a host resource. 
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Further, a number of male and female cerambycid sex pheromones have 
been elucidated especially amongst pest species. For example, nocturnal 
Ortholeptura valida (Cerambycidae: Lepturinae, decaying conifer) females 
emit (Z)-11-octadecen-1-yl acetate (cis-Vaccinyl acetate) (Ray et al., 2011) 
and male, Hedypathes betulinus (Cerambycidae: Lamiinae, a tea plant pest) 
emit, (E)-6,10- dimethyl-5, 9-undecadien-2-yl acetate (major component), (E)-
6,10-dimethyl-5, 9-undecadien-2-one (geranylacetone), and (E)-6,10-
dimethyl-5,9-undecadien-2-ol (Fonseca et al., 2010). In addition, cuticular 
contact hydrocarbons at close range aid mate recognition, through antennal 
contact, by males (Spikes et al., 2010; Luo et al., 2011; Silk et al., 2011), e.g. 
n-pentacosane, 9-methylpentacosane, and 3-methylpentacosane produced by 
Xylotrechus colonus (Cerambycidae) females (Ginzel et al., 2002).  But, these 
chemicals are not unique, for example, Ortholeptura valida’s (Z)-11-
octadecen-1-yl acetate is present in male fruit fly sex pheromones (Drosophila 
spp.) and geranylacetone is part of Dufours gland secretions of Eciton 
burchelli soldier and worker ants (Keegans et al., 1993; Vosshall, 2008). This 
suggests that a combination of organic volatiles confers more than a single 
volatile cue e.g. combined volatiles of wood and decay endophytic fungus for 
xylophagous host foraging. 
In addition, there is a suggestion that the host volatiles surrounding the 
developing larvae subsequently influence the emerged adults olfaction, such 
as male Anoplophora malasiaca (Cerambycidae) who detect females in a 
volatile environment learnt from their natal host (Yasui et al., 2011).  This may 
also be true for Anoplophora glabripennis (Cerambycidae) which use a 
number of hardwood host species for oviposition suggesting either the living 
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host trees have similar volatile profiles or that the natal host environment has 
influenced oviposition choice (Morewood et al., 2003).   
 
Deterrents to oviposition in the Cerambycid, Monochamus alternatus, include 
secretions such as the putative p-vinylguaiacol from the female hindgut (Li & 
Zhang, 2007) and larval frass (Anbutsu & Togashi, 2002), both of which 
reduce conspecific competition. Whereas, Lu et al. (2011) identified an 
ovipositor jelly like substance deposited on eggs laid by Glenae cantor 
(Cerambycidae) that positively attracts more gravid conspecifics to the host. 
Similarly, the old house borer, Hylotrupes bajulus (Cerambycidae), which 
primarily uses host wood volatiles has been shown secondarily attracted to 
conspecific larval frass when searching for oviposition sites (Fettköther et al., 
2000). These highlight the importance of rapidly locating suitable nutritional 
larval host resources on cerambycid fitness. 
 
Bruce et al., (2005), suggests reasonably to locate hosts herbivorous insects 
use host volatile chemical ratios from the plethora of biogenic volatiles within 
a habitat. Fluctuations of host volatile ratios can occur also leading Rodriguez 
et al. (2010) to advocate a predefined range rather than an absolute ratio, 
indicated by glomerular (antennal lobe) calcium activation imaging. 
Concentration thresholds have highlighted ratio range, for example 
benzonitrile still elicits a behavioural response in Cydia molesta (Lepidoptera) 
females at 100 times the concentration (Rodriguez et al., 2010).  In Batocera 
horsfieldi (Cerambycidae) unmated females produced strongest EAG signals 
at 0.0001 μL/ μL for 3-methylbutyric acid whereas increasing EAG responses 
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were noted as the concentration of salicyaldehyde increased from 0.0001 to 
0.1 μL/ μL (Yang et al., 2011). This suggests that chemicals in a host volatile 
profile that are within a predetermined concentration and ratio range can still 
produce a response giving the insect choice with respect to suitability. 
 
2.4.3 Host landing behaviour 
 
Navigating through the plethora of biogenic volatiles (as discussed above) of 
varying ratios, host, non-host and unsuitable host odour’s, an insect will 
eventually land using sensory information e.g. cues. It has been shown that 
landing behaviour may be random or non-random within the sensory 
preference. For example, cerambycids and scolytids demonstrate attraction at 
distance but random landing behaviour at the finer scale (Saint-Germain et al. 
(2007,2009), whereas, the buprestid Agrilus planipennis shows non-random 
landing, alighting only on host trees, suggesting an in flight decision (Lyons et 
al., 2009). Non-random landing has also been highlighted in coniferophagous 
species, e.g. Tomicus piniperda (Scolytidae), Hylobius abietis (Curculionidae), 
Pissodes pini (Curculionidae) as well as deciduophagous Coleoptera 
Rhagium mordax (Cerambycidae) and Magdalis carbonaria (Curculionidae) 
(Brattli et al, 1998).  Contrary to non-random landing, Saint-Germain et al. 
(2006) investigating saproxylic Coleoptera of different tree species and decay 
stages found similar assemblages in all traps, supporting the random landing 
hypothesis and Dethier’s (1960) non-directional arresting odour theory. Thus, 
corroborating Saint-Germain et al. (2006) suggesting that larva or emerging 
adults (depending on development duration) best define host use / attraction 
rather than funnel, interception, sticky or other trapping methods. Of note, with 
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respect to random-non-random landing strategies, stand composition i.e. 
mixed tree stands compared to monoculture, may also affect observed 
behaviour/trap catches. 
Optical qualities such as spectral reflectance have also been suggested as an 
additional cue for saproxylic / xylophagous beetles alighting on a host. Living 
tree stems, branches and leaves contain photosynthetic components that 
absorb and reflect light. As branches and stems grow the bark reflectance of 
irradiation decreases as more uneven surface features develop (Pilarski et al., 
2005, Tokarz & Pilarski, 2008). Therefore, external and internal reflectance 
from cellular structures could alter as degradation occurs. This is partially 
supported by Campbell and Borden (2006; 2008) who demonstrated 
discrimination between host (black) and non-host (white) un-baited traps for 
Dendroctonus ponderosae (bark beetle). They also showed that a white 
baited trap was as attractive as a black un-baited trap indicating that vision 
and olfaction are both used in host foraging behaviour.  
Other insect taxa also show preferences to colour cues and its reflecting 
properties, such as the flower feeding blister beetle Hycleus apicicornis, 
preferring wavelengths 400 to 700 nm range comprising of sky blue and white 
colour (Lebesa et al., 2011). The Colorado beetle, Leptinotarsa decemlineata, 
exhibited positive phototactic orientation to yellow (585 nm) and green (570 
nm), noted in vegetation, with females also responsive to blue (472 nm) and 
UV (351 nm) and males to white (420-775 nm) (includes the yellow and green 
spectra) (Otalora-Luna & Dickens, 2011). Interestingly, blowfly, Calliphora 
vicina, flew upwind orientating, toward a vertical background colour opposed 
to a horizontal one, when presented with an odour lure (Aak & Knudsen, 
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2011). This suggests that background spectral reflectance could aid 
xylophagous Coleoptera in host location, contrasting with photosynthetic 
substrate reflectance. 
 
2.4.4. Xylophagous coleopteran larva 
 
All coleopterans are holometabolous, whereby the larvae do not resemble the 
adult form and undergo a range, depending on species, of between three to 
eleven or more instars, increasing in size until pupation. Duration of the larval 
stage is variable, for example Lucanus cervus (stag beetle), is between 4 to 6 
years, Rutpela maculata (Cerambycidae) 2 to 3 years and Grammoptera 
ruficornis (Cerambycidae) 1 year, depending on dead wood nutritional quality 
(Harvey & Gange, 2003; Duff, 2007). Worldwide, xylophagous larvae and 
adults range in size from <5 mm (Anobiidae) - >50 mm (Buprestidae & 
Cerambycidae) (Cline et al., 2009). Figure 2.6 illustrates different larval 
morphologies of British xylophagous coleopteran families and compares to 
other taxa larval forms.  
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Figure 2.6. Comparing and contrasting the morphology of British xylophagous and saproxylic insect 
larvae of recent dead wood habitat. (A) Grammoptera ruficornis (Cerambycidae); (B) Phymatodes 
testaceus (Cerambycidae); (C & D) Rutpela maculata (Cerambycidae); (E) Coleoptera: Curculionidae; 
(F) Stenagostus rhombeus (Elateridae); (G) Diptera: Dolichopodidae; (H) Diptera: Sciaridae (Hart, 
2010). 
 
Host quality is paramount for ovipositing females, affording their larvae the 
best chance of survival (Hanks et al., 1993), especially as larval relocation is 
not an option. Larval competition can severely affect survivorship, as shown 
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by Phoracantha semipunctata (Cerambycidae), where preferred host larval 
densities in moribund eucalypts were high but survivorship low in contrast to 
less favoured hosts with lower larval densities and high survivorship (Hanks et 
al., 1993). This may be a result of cannibalism, feeding reducing nutrient 
quality or increased predation / parasitism through prey concentration. In 
contrast Anoplophora glabripennis (Cerambycidae) that has a wide (living) 
host range, had lower larval densities and survivorship in less preferred hosts 
but, mean living larval mass between optimal and sub optimal hosts did not 
differ (Morewood et al., 2003). Larval competition can be reduced by 
increased log diameters, with less frequent interactions over a larger surface 
area (Hanks et al., 2005). Kappes & Topp (2004) noted that 15 to 21 cm 
diameter logs had significantly more emerged insects compared to 5 to 7 cm 
or 40 to 60 cm. In conjunction with more advanced early stage decay this 
leads to more robust adults.  In addition, poor host nutritional quality extends 
the developmental time from larva to adult as shown in Phoracantha 
semipunctata from 3 months to 1 year, potentially increasing the survival risk 
(Hanks et al., 2005). Interestingly, Saint-Germain et al. (2010) demonstrates 
that the larvae of Anthophylax attenuatus (Cerambycidae) of middle to late 
stage decay (Figure 2.11, Table 2.2) are capable of within host dispersal, thus 
reducing host selection pressure on ovipositing females This behaviour 
seems unlikely to be effective for early decay stage xylophages, where the 
substrate has higher density, poorer nutrient availability and attached bark. 
Therefore, female fecundity is linked to identifying an optimal host, quickly, 
allowing her larvae to out-compete later arrivals.  
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Other factors influencing oviposition choice and larval survivorship include 
moisture content of bark in newly felled wood. Hanks et al. (2005) noted newly 
felled log bark moisture was 60%, inhibiting colonization of Phoracantha 
semipunctata but, one and two weeks post felling the moisture content had 
dropped to 54% and 39%, respectively, with increased neonate survival. For 
Ambrosia beetle Platypus quercivorus (Platypodidae), which attacks, in 
particular, living trees of Fagaceae and oaks, high water content is 
preferential for their larval survival and is postulated that lower water contents 
prevent their symbiotic fungi (Raffaelea quercivora) from propagating 
(Kobayashi et al., 2004). Rayner & Boddy (1988) however indicate that higher 
moisture content can induce anaerobic respiration detrimental to decay fungal 
growth. With this in mind a field investigation of canopy covered logs (early 
decay stage of up to six years), revealed they had lower moisture content, 
increased respiration and greater decay fungal growth and wood boring 
galleries, compared with un-sheltered logs; signifying the important role water 
plays in early stage decay (Barker, 2007).  
 
Dead wood density varies between tree species and decay stage and is 
suggested as the main factor determining wood boring insect abundance 
(Alban et al., 1993, Saint-Germain et al., 2007). Data suggests that higher 
density wood (early stage decay) has lower abundance of wood-borers 
whereas later stage decay with lower wood density and higher water content 
(through absorption) gives rise to greater abundance (Saint-Germain et al., 
2007). Although Rayner and Boddy (1988) proposed anaerobic conditions 
from increased water content in early decay later decay stage wood has been 
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opened up by wood-borers and decay fungi allowing atmospheric oxygen to 
circulate.  
 
Nutrient concentrations of dead wood vary between hardwood or softwood 
tree species and decay stages. Both soft and hardwood decay classes 1 and 
2 (fresh to slight rot) have much lower nutrient availability 2 to 4 fold, 
compared with more advance stages, 3 and 4 (well rotted to friable). Simple 
sugars such as glucose, fructose or starch, known as non-structural 
carbohydrates, are generally low in early stage decay and decrease 
significantly over time (Saint-Germain et al., 2007). Total carbon percentage is 
fairly constant throughout hardwood decay (47%), nitrogen is low until stage 
4, when it more than triples (0.15 to 0.53%) (Saunders et al., 2011), although, 
Saint-Germain et al. (2007) found nitrogen levels decreased significantly in 
the late stage. The nitrogen: phosphorus ratio increases with decay stage and 
overall, carbon: nitrogen ratios are lower in hardwoods compared to softwood 
(Saunders et al., 2011).  
 
The nutrient availability of early stage wood decay highlights why xylophagous 
beetle larvae often require more than a year to develop and even longer in 
sub-optimal hosts. This is demonstrated by Corymbia rubra (Cerambycidae), 
which feeds on xylem cellulose in dead pine. It was noted to have an 
assimilation efficiency i.e. material ingested compared to growth of just 34% 
from the low nutrient availability (Walczyńska, 2007).  In this nutritionally 
challenging environment xylophagous beetle larvae utilize enzymes and gut 
microbiota for nutrient extraction (Kukor et al., 1988; Geib et al., 2009). A 
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study by Zverlov et al. (2003) detected enzymes in the digestive system of 
Rhagium inquisitor (Cerambycidae) in both soft and hardwoods with a degree 
of decay. Mid-gut activity showed the presence of endoglucanases, β-
glucanase, chitinase and α-amylase, but they where incapable of hydrolysing 
microcrystalline cellulose and therefore fibre breakdown. The resultant 
oligosaccharides from endoglucanase activity are degraded by 
glycosidasesinto monosaccharides. Surprisingly this larva, noted by the 
absence β-xylosidase, does not utilize xylan, a polysaccharide of cell walls. It 
does however possess laminarinase that, with chitinase (Bruce et al., 1995), 
can breakdown fungal cell walls, thereby extracting nutrients. A large amount 
of β-fucosidase was also noted and postulated to aid breakdown of toxic 
defence substances found in the cambium. 
 
In concert with the digestive enzymes the gut microflora, derived in part from 
the surrounding habitat but, mainly from vertical transmission, also contribute 
to wood tissue breakdown (Grünwald et al., 2010). In the southern pine 
beetle, Dendroctonus frontalis (Scolytidae) the microflora consists of a low 
species richness of γ-Proteobacteria, which Vasanthakumar et al. (2006) 
postulates to the specialist food source. Alternatively, Conord et al. (2008) 
suggests from curculionid research that changes in endosymbionts and 
species richness can be caused through changing host diet or competition 
from other symbionts over. The microcrystalline nature of cellulose and its 
breakdown was shown in Bellamira scalaris (Cermabycidae: Lepturinae), 
Graphisurus fasciatus (Cerambycidae: Lamiinae), Orthosoma brunneum 
(Cerambycidae: Prioninae) and Pandera brunnea (Cermabycidae: 
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Parandriniae). Their midguts’ had cellulocytic activity when larvae were 
maintained on wood with fungus compared to fungal free wood, suggesting 
that ingested fungi release their hydrolysing enzymes benefiting the beetle in 
cellulose breakdown (Kukor et al., 1988). This association has also been 
highlighted by Grünwald et al. (2010), in the cerambycids, Rhagium inquisitor, 
Tetropium castaneum, Plagionotus arcuatus and Leptura rubra. Twelve 
ascomycetous yeasts were noted in mycetomes within the gut and included 
Candida rhagii (R.inquisitor) and C. shehatae (L.rubra). In conjunction with 
released mycetome ascomycetes into the gut lumen, gut epithelial γ-
Proteobacterium, Sodalis (clade of insect symbionts) was found alongside, for 
example, Firmicutes and Acidiobacteria. 
 
 
2.5 Saproxylic parasitoid Hymenoptera 
 
2.5.1 Parasitoid hymenopteran larvae 
 
Larvae exhibit two broad holometabolous life history strategies described by 
Askew & Shaw (1985) as koinobionts and idiobionts. Koinobionts are 
endoparasitoids with host specific venom that temporarily paralyses the 
exposed host. Parasitoid larval development can be delayed until the host 
reaches adequate size allowing the host to feed until parasitoid pupation. 
Adults are pro-ovigenic so mature eggs present at pupation are incapable of 
oosorption and have a short life span with no concurrent host feeding instead 
nectar or honeydew. They are both diurnal and nocturnal with reduced sexual 
dimorphism and if present do not pre-assign sex of egg to host size (Quicke, 
1997) 
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Idiobionts are generalist, lacking host specific venom, ectoparasitoids of 
concealed host larva which rapidly develop as the host no longer feeds. 
Adults are synovigenic, producing eggs throughout their life, capable of 
oosorption and are concurrent host feeders so aiding development and 
maturity of eggs with an increased life span. They are mainly diurnal, capable 
of egg sex determination relative to host size and have apparent sexual 
dimorphism (Figure 2.8) (Askew & Shaw, 1985; Quicke, 1997).  
 
 
 
Figure 2.8 Idiobiont ectoparasitoid Bracon hylobii (Braconidae) attacking bark beetle (Scolytidae larva) 
(Henry, 2000). 
 
A number of factors are determined by ovipositing wasps before final host 
acceptance, which include host size, developmental stage, host nutritional 
quality and whether already parasitized (Harvey et al., 1995; Pettersson, 
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2001; Stelinski et al., 2007; Wang et al., 2008). Noted was that larger sized 
emerald ash borer larva gave rise to greater number of eggs deposited with 
higher survival rates and larger sized emerging females of Spathius agrili 
(Wang et al., 2008). Tri-trophic interactions of measured plant nutritional 
quality show that nutritional flow from plant to phytophagous insect (host) to 
parasitic wasp can impact on parasitoids. Poor plant nutrition increases 
development time and raises mortality rate, in for example, Venturia 
canescens parasitizing Plodia interpunctella (Lepidoptera) are noted (Harvey 
et al., 1995; Stoepler et al., 2011). Host endosymbionts have also been 
shown to be important for developing wasp larvae. Endosymbiont free aphid 
hosts were noted missing two specific haemolymph proteins and no increase 
in free amino acids that resulted in delayed wasp larval development and 
underweight emerged adults (Pennacchio et al., 1999). 
The interaction of dead wood / endophytic decay fungi may also confer 
nutritional host quality for parasitic wasps of cerambycid larvae that ingest 
decay fungal mycelium (and their enzymes) to aid substrate digestion. 
Therefore endophytic fungal volatiles may confer to ovipositing wasps 
nutritional quality of their concealed hosts in early decay systems.  
 
2.5.2 Parasitoid Hymenoptera of Great Britain 
In Great Britain there are 5500 known species of parasitoid hymenopterans of 
which 128 species exploit xylophagous coleopteran hosts in stressed, 
moribund, or dead wood (Alexander, 2002). Table 2.1b illustrates the 
superfamilies, families and subfamilies (Figure 2.7 examples) they are located 
within. 
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Figure 2.7. Examples of parasitoid hymenopteran of xylophagous Coleoptera. A- Pimplinae (11mm); B- 
Doryctinae (4mm); C- Campopleginae (4mm); D- Orthocentrinae (5mm) (Hart, 2009, 2010). 
 
 
Table 2.1b. Taxonomical spread of the 128 species of parasitoid hymenopteran associated 
with xylophagous beetle hosts of moribund and dead wood assimilated from Alexander 
(2002). 
 
Superfamily Family subfamilies 
Ichneumonoidea Ichneumonidae Pimplinae, Xoridinae, Cryptinae, Banchinae, 
Campopleginae, Cremastinae,Tersilochinae, 
Metopinae, Orthocentrinae, Doryctinae 
 
 Braconidae Braconinae, Histeromerinae, Rogadinae 
Helconinae, Meteorinae, Cenocoeliinae, 
Alysiinae, Blacinae 
Chalcidoidea Eurytomidae 
Perilampidae 
Pteromalidae            
 
 
Calosotimidae 
 
 
Cleonyminae, Macromesinae, 
Cerocephaliniae, Miscogasterinae, 
Pteromalinae, Calosotinae 
Proctotrupoidea Proctotrupidea 
Platygastridae 
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Of the 128 species, 30 are known parasitoids of cerambycids with 
Ichneumonidae (19) representing the majority followed by braconids (9) and 
pteromalids (2). The remaining 98 species are mainly associated with 
Scolytidae or Anobiidae (Alexander, 2002). Their cryptic nature, size and 
limited amount of research means that scarcity of these species is unknown 
but with a higher trophic level than their xylophagous host beetles are, if not 
more so, affected by changes in habitat area (Kruess & Tscharntke, 2002). 
The majority of adults possess two pairs of membranous wings, a narrow 
“waist” in majority (comprised of narrow abdominal terga 1and 2), biting 
mouthparts and an ovipositor ranging from concealed to greater than body 
length which ranges < 1 mm - > 35 mm (Goulet & Huber, 1993; Quicke, 
1997). 
 
2.5.3 Saproxylic parasitoid hymenopteran habitat requirements 
 
Parasitoid Hymenoptera are a vital component in maintaining a balanced 
ecosystem, and are often specialists that have co-evolved with their host and 
should be recognised as a keystone group with reference to conservation 
(LaSalle and Gauld, 1993). Their higher trophic level and much reduced 
population sizes compared to saproxylic beetles leave them vulnerable to 
habitat loss / fragmentation, especially for early succession saproxylic hosts 
(Kruess & Tscharntke, 2002; Stenbacka et al., 2010). 
Without variously aged dead wood of mixed tree species, many species 
become spatially extinct but unfortunately, research on their ecology and host-
searching behaviour is impoverished (Shaw & Hochberg, 2001; Shaw, 2005; 
Ulyshen et al., 2011). With few exceptions, studies tend to be related to host 
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pest species control or taxonomic considerations (Mills, 2005; Carr et al., 
2010; De Leon et al. 2010; Neumann et al., 2010; Ulyshen et al., 2010). Of 
the exceptions, both Hilszcznski et al. (2005) and Stenbacka et al. (2010) 
conclude that a diversity of dead wood succession stages is required to 
realise the potential parasitoid wasp assemblage. Management strategies, as 
with xylophagous beetles, also indicates preferences such as the idiobiont 
Bracon obscurator a Braconid ectoparasitoid of e.g. concealed xylophagous 
beetles, favouring clear-cut sites whereas the koinobiont Cosmophorus regius 
a braconid endoparasitoids of adult scolytid, preferring mature stands (Gibb et 
al., 2008; Ulyshen et al., 2011). 
Posture of the wood resource also effects abundance and richness with 
higher values in both snags compared to logs and in tree species within the 
diverse forests of South Carolina, U.S.A (Ulyshen et al., 2011). It also 
highlighted the different parasitoid assemblages from crown downwards 
indicating the importance of whole snags left intact rather than reducing stump 
height. 
 
2.5.4 Parasitoid Hymenoptera and infochemicals 
 
As is often the case the majority of infochemical investigations relate to insect 
pest species and parasitic wasps are no different although these are seen in 
the context of control agents. This work however can be related to the 
saproxylic environment with respect to detection of concealed hosts.  
 
The Hopkins host-selection principle (HHSP) (Hopkins, 1917) postulated that 
adults will use the same hosts (plant / insect) experienced as larvae, therefore 
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assuming a memory of larval stage gustatory / olfactory experience. However, 
Barron’s (2001) review of HHSP has shown that larval memory has been 
disproved whereas, imaginal memory post metamorphosis and reorganistion 
of the nervous system in holometabolous insects, is more convincing, and 
also suggests a genetic factor. The newly emerged aphid parasitoid, Aphidius 
ervi (Braconidae), demonstrated this ability, with attraction to volatiles 
associated with their larval hosts and their diet, highlighting possible memory 
retention in holometabolous insects (Villagra et al., 2007). Larval host effect 
was also corroborated in males of Anoplophora malasiaca (Cerambycidae) 
which can detect females in a volatile environment learnt from their natal host 
(Yasui et al., 2011) also the granary weevil Sitophilus granaries and leaf 
miners Liriomyza trifolii and L. huidobrensis (Rietdorf et al., 2002; Facknath & 
Wright, 2007).   
 
All stages of a host’s life cycle (from egg to adult) are vulnerable to parasitoids 
and with these stages varying volatile profiles are produced. The parasitoids 
of mature Ips typographus (Scolytidae) larvae, Rhopalicus tutela and 
Roptrocerus mirus (Chalcidoidea: Pteromalidae) are strongly attracted to 
volatiles of combined spruce logs with mature larvae, in particular the 
oxygenated monoterpenes camphor, isopinocamphone and pinocamphone, 
associated with mature Ips spp. conifer damage (Pettersson, 2001; 
Pettersson et al., 2001). Boone et al. (2008) also documented host growth 
stage attraction for Ips pini (Scolytidae) that has two generations per year. 
Heydenia unica and Rhopalicus pulchripennis (Chalcidoidea: Pteromalidae) 
both parasitized larval instar two to adult hosts and were especially dominant 
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in the first generation of the season. In the granary weevil (Sitophilus 
granaries) parasitoid Lariophagus distiguendus (Chalcidoidea: Pteromalidae) 
both males and females were innately attracted to weevil faeces (complex 
polar / non polar profile). It comprised mainly of alcohols eluted with methanol 
from headspace collections with a number of constituents known in other 
insect communication systems, such as decanal, that is present in Galeria 
mellonera (Lepidoptera) male sex pheromone that acts as a kairomone for 
Bracon hebeter (Braconidae) (Steiner et al., 2007; El-Sayed, 2007). 
 
Differences have been noted between habitat specialist and generalist 
parasitoids such as the closely related species Nasonia vitripennis and 
Dibrachys microgastri (Chalcidoidea: Pteromalidae) respectively. The 
specialist relies on habitat volatile cues whereas the generalist is less reliant 
on these using random landing and rapid searching behaviour (Peters, 2011). 
This may also account for the generalist, Dibrachys cavus (Chalcidoidea: 
Pteromalidae) that not only parasitizes second instars to adults of first 
generation Ips pini (Scolytidae) but, also egg to adult in second generation 
I.pini (Boone et al, 2008). Specialist / generalist volatile cues are also 
corroborated by Ngumbi et al. (2010), where the range of volatiles required by 
a specialist and generalist Lepidopteran parasitoid, Microplitis croceipes and 
Cotesia marginiventris respectively, revealed a narrow volatile range for the 
specialist opposed to the generalist; detecting herbivore induced volatiles as 
opposed to general green leaf volatiles.  
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Microorganisms associated with host insects also provide volatile cues to 
searching parasitoids. Evolutionary selective pressures favour the host with 
least volatile apparency to its parasitoids and predators but associated 
microorganisms are not under such pressures. Therefore the sap stain fungus 
Ophiostoma ips, often vectored by bark beetles, attracts Heydenia unica 
(Chalcidoidea:  Pteromalidae) in logs with or without Ips pini (Scolytidae) 
infestation (Boone et al., 2008), indicating parasitoids have evolved to 
decipher additional volatile cues associated with their hosts. The host 
symbiont Amylostereum areolatum (Basidiomycota: Corticiaceae) of the 
wood-boring wasp Sirex noctilio (Hymenoptera: Siricidae) when presented to 
their parasitoid Ibalia leucopoides (Ibaliidae) in isolation growing within logs or 
on artificial media was highly attractive and probably the primary volatile cue 
in host searching (Martínez et al., 2006). Interestingly, the beet army- worm 
(Lepidoptera: Spodoptera exigua) parasitoid Cotesia marginiventris 
(Braconidae), a generalist, was more responsive in wind tunnel tests to fungal 
infected (Basidiomycota: Sclerotium rolfsii:) peanut plants with beet army- 
worm larvae than to fungal free plants. Of note is that the beet armyworm also 
showed a preference to fungal infected peanut plants over healthy specimens. 
Therefore, wood decay fungal volatiles may also confer positive attraction as 
a suitable resource to xylophagous beetles and subsequently to their 
parasitoid wasps. 
 
Cuticular hydrocarbons have been shown in Coleoptera as a useful close 
range olfactory aid in mate identification. The same is true for species of 
parasitic wasp, such as Dibrachys cavus males of which respond to one day 
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old females through antennal cuticular probing, possibly responding to 3-
methylalkanes 3-methylnonacosane and 3-methylhentriacontan (Ruther et al., 
2011). Mate recognition can be long or short range, such as sex pheromone 
trails, lasting 24 hours, by females of Aphelinus asychis or through male 
recognition (Pimpla disparis) of parasitized hosts where they exploit female 
marker pheromones and await virgin female emergence (Fauvergue et al., 
1995; Danci et al., 2011). Potency and antennal sensitivity of these 
pheromones and possibly other semiochemicals is attested to by Danci et al. 
(2006), where 4500 female equivalents of Glyptapanteles flavicoxis 
(Braconidae) sex pheromone in one injection proved too small to register on a 
mass spectrometer. 
 
Host-marking post oviposition is found in parasitoid hymenopterans to deter 
conspecifics by advertising an occupied host, thereby improving survival of 
their larva / larvae. These deterrents can be applied externally on the host 
substrate via ovipositor (Stelinski et al., 2007), produced by egg-host 
molecular exchange (Gautier & Monge, 1999) or through chemical cuticular 
changes of host (Lebreton et al., 2010). 
 
2.5.5 Additional sensory host searching tools 
 
Visual cues within the landscape aid Hyposoter horticola (Ichneumonidae: 
Campopleginae) detect and parasitize Melitaea cinxia (Lepidoptera) (Nouhuys 
and Kaatinen, 2008) They are time constrained, parasitizing the egg just 
before hatching and are found to monitor multiple hosts at a time requiring 
female visual memory rather than volatile cues. Further, in laboratory tests 
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Pimpla instigator (Ichneumonidae: Pimplinae) is able to distinguish colour, in 
particular blue and yellow and P.turionella can distinguish varying achromatic 
reflectance with respect to plants of concealed hosts (Schmidt et al., 1993; 
Wang & Yang, 2008).  
 
For concealed hosts, olfactory cues may be limited to the substrate volatiles 
and pinpoint accuracy may rely on acoustic cues particularly by vibration. 
Acoustic cues have been shown as host searching tools in parasitoids of 
drosophids and leaf miners (Sokolowski & Turlings, 1987; Sugimoto et al., 
1988). Syngaster Lepidus (Braconidae) is suggested to locate host 
cerambycids Phoracantha semipunctata and P.recurva, through vibrations 
caused by host feeding (Joyce et al., 2011). This is also true for the wasp 
Spathius agrili (Braconidae) of the emerald ash borer Agrilus planipennis 
(Coleoptera: Buprestidae) where ash volatiles attract to the substrate then 
host feeding vibrations hone in and elicit ovipositor probing (Wang et al., 
2010). Whereas, Pimpla turionellae (Pimplinae) self produce the vibrations for 
host detection via organ on all six legs, but interestingly sub-optimal ambient 
temperatures can affect this procedure and host searching time (Amat et al., 
2006; Kroder et al., 2006; Samietz et al., 2006; Wang & Yang, 2008). Ambient 
low temperature during larval parasite development also has a negative effect 
on subsequent adult host discrimination, reproductive success, learning and 
foraging times (van Baaren et al., 2005). 
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2.5.6 Temperature and host searching behaviour 
 Ambient temperature during wasp species apparency can vary and Kroder et 
al. (2007, 2008) demonstrated this for Pimpla turionellae females where host 
searching behaviour was reduced in suboptimal temperatures, most probably 
due to their thermoregulation requirements. Amat et al (2006) noted that 
arrhenotokous females of Venturia canescens, increased patch searching 
time as temperature decreased therefore travelling less within the habitat. 
Therefore ambient temperature for a study period can influence abundance of 
individuals trapped by various methods, in field experiments. 
 
 
2.6 Wood decay fungi 
There are approximately 3216 fungal species in Great Britain associated with 
dead wood (Wildlife trust, 2010). The Basidiomycota e.g. bracket fungi, 
puffballs, boletes, smuts and rusts, represent approximately 75% of wood 
decay species in temperate forest diversity studies and, the Ascomycota e.g. 
symbionts in majority of lichens, apple scab, yeast and penicillium, represents 
ca. 25% (Norden et al., 2004; Irsenaite & Kutorga, 2006). Fungal wood decay 
species of concern identified by Natural England (2002) and assigned BAP or 
species statements include seven species associated with beech, oak, willow, 
hazel and woody debris. The lack of decay wood fungi that are listed as 
scarce or threatened unfortunately is not necessarily an indictment of 
abundance but merely a lack of research. Studies have started to address this 
issue through investigation of management strategies, CWD, elevation and 
tree species, with regard to fungal diversity, conservation and effect on the 
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forest ecosystem (Norden & Paltto, 2001; Norden et al., 2004; Sippola et al., 
2004; Irsenaite et al., 2006; Odor et al., 2006; Lonsdale et al., 2008; Pouska 
et al., 2010; Torjorn et al., 2010).  
 
2.6.1 Habitat management for wood decay fungi 
 
Fungi, the principle organisms of wood decay, are heterotrophs, utilizing dead 
wood as their nutrient resource, and by doing so altering the chemical and 
structural components, providing subsequent suitable habitat for other fungi 
and invertebrate species. Silvicultural practices from intensive thinning to strict 
forest reserves affect fungal biodiversity with the most common fungus, 
Fomes fomentarius, missing from intensive managed stands (Müller et al., 
2007). Bässler et al. (2010) concluded that management practice was more 
influential than macroclimate on coarse woody debris and Kebli et al. (2011) 
determined that log decay class did not affect fungal diversity. Fungal 
biodiversity, as expected, in broadleaf forests is higher in habitats with 
variously sized fine / coarse woody debris and snags which provide a variety 
of niches (Heilmann-Clausen & Christensen, 2003; 2004; Norden et al., 2004; 
Ódor et al., 2006; Unterseher et al., 2008). 
 
2.6.2 Endophytic wood decay fungi 
 
Fungal endophytes are ubiquitous and associated with the majority, if not all, 
plant species, with some tissues types harbouring up to 100 taxa (Sieber, 
2007). They are for example, found in roots (Yuan et al., 2011; Tan et al., 
2012), seeds (Hubbard et al., 2012) and leaves (Rosa et al., 2010; Sun et al., 
2012). They may be pathogenic (D’Amico et al., 2008) afford plant protection 
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(Bittleston, et al., 2011; Jaber & Vidal, 2010), aid plant competitiveness 
(Aschelong et al., 2012) or be responsible for plant post mortem 
decomposition (Sun et al., 2012). 
 
Using PCR primers for eleven wood decay fungal species, including six 
Basidiomycota and five Ascomycota, Parfitt et al. (2010) noted their latent 
endophytic presence in the sapwood of eleven healthy tree species. This was 
also corroborated in a Chilean tree study, with latent decay fungal endophytes 
identified within the xylem of healthy trees (Oses et al., 2008). Eight weeks 
post felling, Baum et al. (2003) identified fungal decay isolate numbers 
increased in beech trees.  These studies therefore support the presence of 
latent endophytic decay fungi and highlight how recent felled healthy wood 
can readily succumb to decay. 
 
Development of wood decay endophytic fungi can be suspended by wound 
compartmentalisation, cell wall antimicrobials, vessel blockage e.g. tyloses 
(beech), bark extracts, high moisture and carbon dioxide and low oxygen 
conditions. Establishment appears to be triggered by a decreasing moisture 
content and onset of gaseous atmospheric conditions, both of which are 
apparent in moribund and recently dead wood (Chapela, 1989; Pearce, 1996; 
Hendry et al., 2002; Baum et al., 2003; Alfredsen et al., 2008). Hendry et al. 
(2002) also noted a temperature increase favoured certain decay fungi, this 
decay “relationship” is in contrast to those of mutualistic, pathogenic and 
parasitic fungi (Sieber, 2007; Giordano et al., 2009; Courty et al., 2010). 
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2.6.3 Fungal wood decay 
 
Cellulose is the most abundant polysaccharide on Earth and the main 
component of plant cell walls (Baldrian & Valášková, 2008). Dead wood decay 
is characterised by two main fungal enzymatic strategies: break down of 
cellulose, hemicellulose and lignin and white rot mainly in hardwoods (Figure 
2.9) or lignin untouched and brown rot mainly coniferous trees (Goodell et al., 
2008). White rot fungi are more numerous than brown rot fungi with the colour 
relating to the dead wood appearance during / following fungal activity 
(Rayner & Boddy, 1988; Goodell et al., 2008). For access and nutrient 
acquisition in Basidiomycota, cellulose and hemicellulose polymers are 
broken down extracellularly by hydrolytic enzymes endoglucanase, 
cellobiohydrolase and -glucoside (Baldrian & Valaskova, 2008), with lignin 
degradation in white rot involving laccase, lignin peroxidase and species 
dependent manganese peroxidases (Hatakka, 1994; Elisashvili & Kachlishvili, 
2009). White rot fungi breaking down lignin effectively however, do not use it 
as an energy source. Investigations using the white rot fungal Phanerochaete 
genus show that gene encoding of cellulases and hemicellulases are 
regulated by carbohydrates whilst those for lignin are regulated by nutritional 
availability, oxygen and metal ions (MacDonald et al., 2012). Exceptions to 
brown rot fungi not possessing laccase, involved in lignin breakdown include 
Coniophora puteana and Serpula lacrymans that release this extracelluar 
enzyme in antagonistic situations (Score et al., 1997). 
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Figure 2.9. Stereum hirsutum white rot basidiomycete. A- mycelium growing within dowel hole of beech 
and B- fruiting body on bark surface of beech (Hart, 2010). 
 
 
The Ascomycota of dead wood are generally soft rot fungi, preferring higher 
moisture contents and they have incomplete degradation of lignin or cellulose 
compared to white rot Basidiomycota, leaving the wood with a spongy texture 
(Worrall et al., 1997). In contrast to white rot Basidiomycota, little is known 
about their lignocellulytic processes except for Ascomycota, Coniochaeta 
ligniara which possesses manganese peroxidase, lignin peroxidase, cellulase 
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and xylanase for extracellular degradation of the cellulo-lignin complexes 
(Lopez et al., 2007), and alongside Daldinia concentrica and other known 
Ascomycota with lignin degrading enzymes, may be considered white rot 
fungi (Shary et al., 2007). 
 
2.6.4 Decay Fungal volatiles 
 
Fungal organic volatile profiles vary according to intra / inter-specific 
interactions, fruiting bodies opposed to mycelium and type of enzymatic decay 
process and white rot or brown rot by products including a variety of aromatic 
compounds, alcohols, ketones, monoterpenes and sesquiterpenes (Gara et 
al., 1993; Shimin, 2005; Hynes et al., 2007; Evans et al., 2008; Zeigenbein & 
Konig, 2010).  Interestingly, the sparse research in volatile organic compound 
profiles from wood / decay fungal interactions, notes a variation of chemicals 
quantities (ng/l) emitted by different wood / decay fungal combinations in 
irradiated aspen or variously aged pine with either brown rot fungi Coniophora 
puteana (CP), Poria placenta (PP) or Serpula lacrymans (SP) (Korpi et al., 
1999). For example, formaldehyde measured 22 CP, 25 PP and 247 ng/l SP; 
decanal 17 CP, 4 PP and undetected in SP; butanone 14 CP, 105 PP and 29 
SP. This disparity and consequently varied ratios (Bruce et al., 2005) may well 
assist xylophagous Coleoptera to verify suitable host quality and subsequent 
larval performance.  
 
Problems can occur when attempting to deconstruct wood / fungal 
interactions to determine the fungal metabolic volatile contribution. Many 
studies use artificial media to culture fungi and sample volatiles but these can 
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elicit different fungal volatile organic profiles (Kahlos et al., 1994; Sunesson et 
al., 1995).  For example, 1-octen-3-ol, a common volatile in six week growth 
with fruiting bodies malt extract agar cultured fungal mycelium is missing in 
six-week-old aspen / brown rot fungal interactions (Korpi et al., 1999; Ewen et 
al., 2004). Care must be taken when extrapolating the volatile profiles from 
artificial media to the natural habitat (Bruce et al., 2004) but visual 
observations of fungi mycelial growth patterns under competitive conditions 
are comparable (Wald et al., 2004). Alternatively, autoclaving is a tool used in 
many fields of study to remove unwanted microbes by the use of steam 
sterilisation under pressure. It has been suggested to cause a release from 
wood blocks of trace nutrients beneficial to sub-cultured fungi who assimilate 
and thereby inhibit secondary fungal establishment (Hulme & Shields, 1972; 
Fryar et al., 2001), negating the need for regular replacement of agar / fungal 
plates in the field. Laboratory autoclaving does not deconstruct the wood so 
dramatically as retification / torrefaction used regularly in the wood industry 
against fungal infection (Hakkou et al., 2006; Windeisen, et al., 2007). 
Retification / torrefaction uses higher temperatures and longer exposure times 
compared to those used generally in laboratory autoclaving, 180 to 240oC for 
several hours (Rapp, 2001; Niemz et al., 2010), ca. 121oC 15 minutes to 1 
hour (Fryar et al., 2001, Hendry et al., 2002), respectively. The higher thermal 
range of retification / torrefaction has revealed in pine that hemicellulose, fatty 
acids and fats degrade first.  Lignin degradation and loss of arabinose, 
galactose, xylose and mannose sugars followed with cellulose affected at 
more extreme conditions (Weiland & Guyonnet, 2003; Niemz et al., 2010; 
Esteves et al., 2011). These methods are detrimental to fungal establishment 
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but instructive on a suitable temperature range in an autoclave. Comparison 
of Scots pine volatile organic compounds from air-dried and heat-treated 
wood samples at 230oC for 24 hours, indicated terpenes were the dominant 
group in air-dried pine. Heat-treated samples contained only 14 compounds 
compared with air-dried 41 and it is suggested that monoterpenes and other 
low molecular weight compounds evaporate during the heat process 
(Manninen et al., 2002). Autoclaving therefore is a method worth investigating 
as an alternative to fungi on agar to express only fungal volatiles.  Other 
sterilisation methods are available such as propylene oxide and gamma 
radiation but these are not widely available and effect on wood chemistry or 
volatiles is unknown.  
 
Fungi not only release volatiles as they metabolize wood (or malt extract agar 
(MEA) but also produce defensive extracellular enzymes and secondary 
metabolites resulting in volatiles. The normal complement of wood 
metabolizing enzymes may also be up or down regulated on mycelial contact 
(Evans et al., 2008; Pieris et al., 2008).   Stereum gausapatum 
(Basidiomycota), a known latent endophytic decay fungi of oak (L.Boddy pers 
comm. 2009), grown on MEA, produced thirteen volatiles including, 
dimethylybenzoic acid, methoxybenzoic acid and long chain alkenols, with 
quantities varying over a 20 day period (Evans et al., 2008). However, when 
in close competition with Trametes versicolor, eight specific volatiles were 
noted, including methyl- 1,3-cyclohexadiene and an aromatic. Hynes et al. 
(2007) also illustrated ten additional volatiles produced when Hypholoma 
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fasiculare and Resinicium bicolor (Basidiomycetes) met and were associated 
with pigment production.  
 
Contact with interspecific fungal species or their decayed wood remains can 
also have inhibitory or stimulatory effects to other decay fungi. Stereum 
hirsutum a latent Basidiomycete endophyte wood remains inhibit many decay 
species including Eutypa spinosa a latent pyrenomycete endophyte, whereas, 
Fomes fomentarius wood remains were stimulatory (Heilmann-Clausen & 
Boddy, 2005). Residual secondary fungal metabolites may therefore prevent 
protein production and mycelial growth as shown by Humphris et al. (2002), 
where volatile secondary metabolites from Trichoderma spp. prevented 
protein synthesis by Serpula lacrymans.  
 
2.7 Wood 
The angiosperms used in this study include oak (Quercus robur) and beech 
(Fagus sylvatica) both of which are prevalent and native to Great Britain. 
Southwood (1961) showed that living oaks support the highest diversity of 
phytophagous insects, 384 species and beech 64 species though, Kennedy & 
Southwood, (1984) revise these figures to 423 and 98 respectively. Oddly, 
oak supports fewer decay fungi than beech mainly because of their potent 
extractives and may help explain why beech degrades more quickly (L. 
Boddy, pers comms, 2009). Beech is shorter lived than oak, 250 years 
compared to maximum 1000 years and overall less tolerant to drought (Chira 
et al., 2005; Gartner et al., 2008). Many studies on both attached and fallen 
limbs and trunks of beech, indicate a rapid degradation and susceptibility to 
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basidiomycete decay fungi (Figure 2.10) (Solár et al., 2007) This fragility may 
in part be due to climatic changes in rainfall and increase in average ambient 
temperature improving conditions for latent fungal establishment. In attached 
beech branches, the combative latent basidiomycetes Xylaria hypoxylon and 
Coriolus versicolor soon dominate the early colonising stain fungi and as a 
resource of dead coarse woody material, this substrate is assimilated faster 
than oak (Chapela & Boddy, 1988). 
 
 
Figure 2.10. Weight losses of sapwood blocks of Norway spruce, beech, oak and sycamore artificially 
incubated with three xylariaceous wood decay fungi (reproduced from Schwarze, 2007). 
 
2.7.1 Coarse woody debris classification 
 
In general, coarse woody debris (CWD) comprises logs, snags, large 
branches, and stumps with diameters ≥ 10 cm and includes sound to rotted 
wood and root debris > 1 cm, all aboveground (Harmon & Sexton, 1996). 
Below 10 cm diameter it is termed fine woody debris. Classification of CWD 
decay generally consists of five stages as shown in Figure 2.11 (Hunter, 
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1990; Enrong et al., 2006; Müller-Using & Bartsch, 2009; Stamm & Grove, 
2010). With the first stage of beech decay lasting three to six years (L. Boddy, 
pers. Comm., 2009) the duration of a decay stage can vary according to 
precipitation, ambient temperature and possibly a continued supply of various 
decay stage wood (Table 2. 2) (Yin, 1999; Mackenesen, 2003). 
 
 
Figure 2.11.  General characteristics of dead wood decay stages reproduced from Vegetation resources 
inventory: Ground sampling proceedures, Canada (Johansen, 2007). 
 
 
Overall the green density of beech (Fagus sylvatica) is 0.85 g/cm3 and oak 
(Quercus robur) 0.9 g/cm3 (Anon, 2012).  Approximate percentage average 
moisture content for these two species is not documented, but American 
beech is 56% for heartwood and 72% for sapwood whereas, of the six oak 
species noted, the average heartwood is 83% and sapwood 81% (Simpson & 
TenWolde, 1999). Paletto & Tosi (2010) showed in beech, that log moisture 
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content (%) was significantly higher compared with snags and declined 
through decay stages one and two, before increasing. This coincided with a 
steady decline in dry wood density until stage five where the reduction is 
greatest. In general beech > 10 cm is completely decayed in 35 years and the 
average duration of each stage is shown in Table 2. 2 (Müller-Using & 
Bartsch, 2009) . 
 
Table 2.2 Mean decay stage duration for beech CWD (Müller-Using & Bartsch, 2009) 
 
 
Decay stage 
 
Duration (Years) 
 
1 
 
3.6 
2 5.4 
3 9.1 
4 15.7 
Total 33.8 
 
Depending on the author decay stages can range between four and five. 
 
2.7.2 Physical and chemical changes wrought by decay fungi on beech 
Changes by brown rot fungus Coniophora puteana on beech wood was 
measured by Solár et al. (2007) over 60 days. Fungal activity reduced 
cellulose content by 33% and lignin by 16.9%. Brown rot fungi generally do 
not degrade lignin but in this instance the authors believe H2O2 and H2O2/Fe
2+ 
and Mn3+/ oxalate may be responsible. Wood density reduced from 0.66 to 
0.37 g/cm3 and is postulated as a reason for increased substrate permeability.  
Sugars such as glucan, mannan and xylan were reducing over time with 
lowering in aromatic carboxylic acids and aldehydes produced, highlighted by 
chromatography. 
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Spectral reflectance properties of beech decayed by Coniophora puteana 
displayed reduced absorption of light at 15 to 30 days post fungal inoculation 
and then a decrease in light reflectance at 60 days, in particular the range 360 
to 760 nm (Solár et al., 2007). Uninfected beech wood results indicate little 
change in optical qualities both internally and externally (Pilarski et al., 2008). 
This shows that vision may play a role as well as volatiles in determining 
suitable substrates to xylophagous beetles and their parasitoid wasps. 
 
2. 7. 3 Terpenes 
 
Monoterpenes belong to the biochemical class terpenoids and are 
characterised by C5 units that depending on their number are further divided 
e.g. monoterpenes (C5), diterpenes (C20), sesquiterpenes (C15) etc 
(Keisselmeier & Staudt, 1999). In total there are ca. 2500 plant monoterpenes 
and 5000 plant sesquiterpenes and many released have cytotoxic and 
deterrent effects against microbes, fungi, viruses and herbivory and/or 
damage (Wink, 2003). The huge numbers of terpene skeletons are produced 
by a number of terpene synthases converting acyclic prenyl diphosphate and 
squalene into cyclic and acyclic forms (Degenhardt, 2009). Synthase genes 
with heterologous expression give rise to the plethora of plant mono and 
sesquiterpenes. Terpenes can be beneficial as shown by parasitoids of 
mature Ips typographus (Scolytidae) larvae, Rhopalicus tutela and 
Roptrocerus mirus (Chalcidoidea: Pteromalidae) that are strongly attracted to 
volatiles of combined spruce logs with mature larvae, in particular the 
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oxygenated monoterpenes camphor, isopinocamphone and pinocamphone, 
associated with mature Ips spp. conifer damage (Pettersson, 2001; 
Pettersson et al., 2001). Interestingly, elm leaves have demonstrated 
prevention of damage, by releasing terpenes and attracting egg parasitoids 
(Buchel et al., 2011). From a total of 55 tropical tree species Cortois et al. 
(2009) determined each tree to emit on average 37 volatiles and included the 
importance of sesquiterpenes in tree specificity. In addition, communication 
between the sexes of Anoplophora malasiaca (Cerambycidae) appears to rely 
on the sesquiterpenes obtained from Citrus unshiu (Yasui et al., 2007). Either 
ingested, adsorbed or through contact the elytral GC-MS analysis revealed 
the presence of leaf sesquiterpenes β-elemene, β-caryophyllene, α-
humulene, and α-farnesene but, without these beetle contact was 
compromised. 
 
2.8 Atmospheric volatiles 
Apart from host volatiles the atmosphere also contains volatiles from many 
other organic sources such as acetone, methanol and other partially oxidized 
organic emissions from dead leaf litter (Warneke et al., 1999). Monoterpene 
volatiles, especially sabinene, from living European beech, increased with 
light and temperature and was non-existent during night time and was also 
noted in grasslands of Inner Mongolia with seasonal variations in isoprene 
(Bai et al., 2006; Dindorf et al., 2006). Soils also produce microbial volatile 
organic compounds and Bäck et al. (2010) using Scots pine ectomycorrhizal 
and endophytic root fungi noted twenty-seven compounds. They included an 
abundance of acetone and acetaldehyde and smaller quantities of terpenoids, 
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such as isoprene, mono and sesquiterpenes. Whilst Menotta et al. (2004) 
found Tuber borchii (ectomycorrhizal Ascomycete) and Tilia americana (plant 
roots) symbiotically or separately produced a total of 73 volatiles, including 
ethylene released by T.borchii (Splivallo et al., 2009). Therefore the theory of 
chemical ratios by Bruce et al. (2005) and range of antennal detection may 
assist an insect through this atmospheric “soup”. 
 
2.9 Concluding remarks 
The co-evolutionary relationship between  dead wood, decay fungi, saproxylic 
xylophagous beetles and their parasitoid Hymenoptera has occurred over 
millennia. Beetles and parasitic wasps via olfaction of combined multi-sourced 
odour cues are capable of locating mates and optimal hosts.  Rapid detection 
is paramount for reducing larval resource competition and increasing fitness. 
Volatile olfactory integration suggests a mix of innate and learned cues 
including probable influence from natal stage host volatiles.  In general, most 
taxa randomly land within an area of general volatile cues and then begin 
more localised specific cue detection. This coarser scale of olfactory response 
suggests a mechanism to deal with the plethora of biogenic environmental 
volatiles of varying ratios and concentrations. Limited research has shown 
wood and fungal volatile cues singularly or combined as attractants to beetles 
and wasps.   
Ephemeral early dead wood has lower diversity of taxa compared with later 
decay stages but pioneer species of sapro-xylophagous beetles and 
saprophytic fungi have been shown influential in determining later stage 
biodiversity through substrate alteration. It is important therefore to 
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understand the early wood decay stage attraction of these pioneer 
xylophagous beetles, especially cerambycids and their parasitic wasps and 
the importance of olfaction suggests host volatiles may be key in 
understanding this relationship.  
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CHAPTER THREE 
 
 
 
VOLATILE ATTRACTION OF SAPRO-
XYLOPHAGOUS BEETLES AND THEIR 
PARASITOID WASPS TO EARLY 
DECAY STAGE WOOD-FUNGAL 
VOLATILES. 
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Abstract 
 
This field study investigated the volatile attractiveness of recent dead wood 
with known endophytic decay fungal mycelium, in newly designed traps 
without visual cues, for xylophagous beetles and their parasitoid wasps. In 
addition, autoclaved wood was explored as an alternative method to promote 
fungal volatiles only. Treatments were split between natural and autoclaved 
and oak (Quercus robur) and beech (Fagus sylvatica) comprising of ten wood 
blocks (2.5 x 1.5 x 1 cm) sub-cultured with known endophytes, Eutypa 
spinosa (beech), Stereum gausapatum (oak) and Stereum hirsutum 
(ubiquitous on hardwoods) all presented singularly or combined with 
S.hirsutum. Xylophagous beetle results revealed a preference for S.hirsutum 
on natural beech by the eucnemid Melasis buprestoides (P = < 0.001), 
anobiid Hedobia imperialis (p = < 0.01) and scraptiid Anaspis frontalis (p = < 
0.003). A throscid suspected of secondary xylophagy, Trixagus carinifrons, 
showed preference for dual fungal treatment on natural beech (p = < 0.0006).  
Interestingly, a non-saproxylic grassland elaterid Agriotes pallidulus was 
trapped preferentially in Eutypa spinosa on autoclaved beech (p = < 0.05) and 
combined fungi on autoclaved beech (p = < 0.05). Parasitoid wasp 
subfamilies with many or all species associated with dead wood hosts 
indicated the braconid Blacinae preferred S. hirsutum on natural beech (p = < 
0.001), ichneumonid Banchinae preferred oak (p = < 0.01) and the 
proctotrupid Proctotrupinae dual treatment on natural beech (p = < 0.005). 
One parasitoid with non-saproxylic hosts, Spilomicrus hemipterus (Diapriidae) 
revealed a strong preference for dual fungal treatment on natural beech that 
may suggest new hosts within this habitat. All the data are herein discussed. 
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3.1 Introduction 
 
 Insect fitness is conditional on rapid detection of appropriate larval nutrition 
and abiotic conditions. In cerambycid beetles for example, detection speed 
reduces the risk of larval cannibalism (larger larvae eat smaller individuals) via 
reduced intraspecific larval density, advantageous to larval growth. This is 
reflected in larger adult body size, dispersal ability and resource location, 
male competition and subsequent mate selection (Hanks, 1999; Ginzel & 
Hanks, 2004). This is true of parasitoid wasps. 
 
Host olfactory volatiles form part or all resource attractants for phytophagous 
and haematophagous insects with respect to feeding and oviposition  
(Blackwell, et al., 1996; Barata & Araujo, 2001; Crook, et al., 2008; Xue & 
Yang, 2008).  There is little research on wood/fungal mycelial volatile 
attraction to pioneer xylophagous beetles and parasitoid wasps. The majority 
of studies use fungi as a co-variable alongside dead wood position, size, age 
and stand type and cannot conclusively state whether fungi are the primary 
dead wood host attractants (Kappes & Topp, 2003; Hilszczanski et al., 2005 
Muller et al., 2007). Only two studies have focussed directly on the 
xylophagous beetle wood/fungal relationship, the first by Belman et al. (2002) 
who demonstrated positive anemotactic orientation to an odour plume of 
wood decay fungi Coriolus versicolor and Donkioporia expansa on oak by the 
xylophagous beetle Xestobium rufovillosum (Anobiidae, death watch beetle) 
and the second highlighting xylophagous beetle Dryocoetes autographus 
(Scolytidae) increased abundance in mycelium of Fomitopsis rosea infected 
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wood (Johansson et al., 2006). The Hopkins host-selection principle (HHSP) 
(Hopkins, 1917) postulates that adults will use the same hosts (plant/insect) 
experienced as larvae, therefore assuming a memory of larval stage gustatory 
/olfactory experience. Barron (2001) however concludes from a review of 
HHSP that holometabolous preimaginal host memory has yet to be proved 
conclusively whereas, imaginal memory, especially early after emergence, 
may influence polyphagous adult ovipositing behaviour. The newly emerged 
aphid parasitoid Aphidius ervi (Braconidae) demonstrated this ability, with 
attraction to volatiles associated with larval hosts and host diet, highlighting 
possible memory retention in holometabolous insects (Villagra et al., 2007). 
For parasitoid Hymenoptera Quicke (1997) has suggested that most hosts 
have evolved to present little to no odoriferous compounds consequently, 
detectability/reliability (Vet & Dicke, 1992) of finding concealed hosts may rely 
more on long-range volatile cues derived from the host resource.   
 
Parfitt et al. (2010) and Oses et al. (2008) have confirmed the presence of 
quiescent endophytic wood decay fungi within healthy trees. In addition 
enzymatic fungal metabolism, both white and brown rot, intraspecific and 
interspecific fungal competition/recognition have been shown to release a 
surprising number (30+) of volatile organic compounds with the greatest 
number (40+) noted in fruiting bodies (Gara, et al., 1993; Shimin, 2005; 
Hynes, et al., 2007; Evans, et al., 2008; Zeigenbein & Konig, 2010). These 
include alcohols, aromatic compounds, ketones, monoterpenes and 
particularly sesquiterpenes. Many studies use artificial media to culture fungi 
and sample volatiles but these can elicit different fungal volatile organic 
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profiles (Kahlos et al., 1994; Sunesson et al., 1995) as demonstrated by the 
lack of 1-octen-3-ol from fungi on agar compared to identical fungi in aspen 
(Korpi et al., 1999; Ewen et al., 2004). As opposed to high temperature 
retification and torrefaction, autoclaving does not degrade hemicellulose, 
lignin and sugars appreciably but, heating, as shown in Scots pine, does alter 
the volatile profile (Manninen et al., 2002; Weilland & Guyonnet, 2003; Niemz 
et al., 2010; Esteves et al., 2011). It has been suggested autoclaving releases 
wood nutrients beneficial to establishing sub-cultured fungi but inhibitory to 
competitive secondary fungal (Hulme & Shields, 1972; Fryar et al., 2001), 
negating the need for regular replacement of agar/fungal plates in the field.  
Lower temperature autoclaving is worth investigating as an alternative to fungi 
on agar to express only fungal volatiles. 
 
A 15-year experiment conducted to test the long-term priority hypothesis 
(Weslien et al., 2011) found pioneer xylophagous beetles influenced 
subsequent successional saproxylic species assemblages with fungi playing 
an important role. Unfortunately, exploitation of managed forests, clearing 
dead wood for aesthetics and pest insect control, urbanisation and agriculture 
have all led to a global decrease in dead wood availability which has impacted 
xylophagous beetles with 42% of British species under threat (Alexander, 
2002). The higher trophic level parasitoid wasps, with lower population sizes 
compared to saproxylic beetles, have been left vulnerable to habitat loss/ 
fragmentation, especially for early succession saproxylic hosts (Kruess & 
Tscharntke, 2000; Stenbacka et al., 2010). There is a clear need to 
understand this ephemeral habitat and assist conservation through research 
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into the role endophytic decay fungi may play in pioneer species. I found no 
direct field study to assess volatile attractiveness of, in particular, pioneer 
endophytic wood decay fungal mycelium, to saproxylic xylophagous beetles 
and their parasitoid wasps, in the absence of visual stimuli.  
 
 This study focuses on the prevalent native trees of Britain, oak (Quercus 
robur) and beech (Fagus sylvatica). Southwood (1961) showed that living 
oaks support the highest diversity of phytophagous insects, 384 species and 
beech 64 species although these figures were raised to 423 and 98 
respectively (Kennedy & Southwood, 1984). Oddly, oak supports fewer decay 
fungi than beech mainly due to their potent extractives such as tannic acid 
and may help explain why beech degrades more quickly (L. Boddy, pers 
comms., 2009).  In addition, oak may support a greater insect diversity 
through increased longevity and bark texture, compared to beech. 
 
Three known endophytic primary colonising fungi were chosen; Eutypa 
spinosa (Ascomycota: Pyrenomycete) a white rot of beech (Fagus sylvatica) 
with slow decay, Stereum gausapatum (Basidiomycota: Stereaceae), a white 
rot of oak (Quercus robur), commonly known as “bleeding oak crust”, found at 
branch bases and Stereum hirsutum (Basidiomycota: Stereaceae), a white rot 
of many deciduous species and a primary or early secondary colonist of larger 
branches and logs (Arora et al., 1991; Heilmann-Clausen & Boddy, 2005). 
Cultures were kindly supplied by Professor Lynne Boddy, Cardiff University, 
UK. 
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Objectives: 
 To assess the volatile attractiveness of pioneer wood-
endophytic decay fungal volatiles to xylophagous beetles and 
their parasitoid wasps in resource location. (Chapter 4 will 
investigate in part, wood only). 
 
 To assess autoclaved wood with fungi as an alternative to fungi 
sub-cultured on agar, as a field treatment for fungal only volatile 
attractiveness. Chapter 6 will analyse volatiles via GC-MS, 
comparing natural wood / fungus against autoclaved wood / 
fungus and agar sub-cultured fungus. 
Hypotheses:  
1.  Xylophagous beetles and their parasitoid wasps show a preference for 
natural combined early decay stage wood and fungal volatiles, for 
resource location, without visual stimuli. 
 
2.  Xylophagous beetles and their parasitoid wasps show a preference for 
autoclaved wood with fungi, promoting fungal only volatiles. 
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3.2 Methods 
3.2.1 Study site 
 
The study area was High Standing Hill, Windsor Great Park, Berkshire, UK 
(51o 27’ 43.80” N 0o 39’ 18.56”W). Located between the east side of St. 
Leonard’s Road and the west side of Queen Adelaide’s Ride and occupies an 
area of 0.52 hectares in unmanaged relic wood pasture (Figure 3.1). To the 
west of St. Leonard’s Road is a large, managed woodland and to the east of 
Queen Adelaide’s Ride is further unmanaged woodland.  
 
 
Figure 3.1 Crown Estate (2012) map of study area. 
 
The study site is predominantly beech (Fagus sylvatica, one hundred 
specimens) followed by birch (Betula pendula, fifty specimens) with oak 
(Quercus robur, two specimens), horse and sweet chestnut (Aesculus 
hippocastaneum, Castanea sativa, six specimens in total) and holly (Ilex 
aquifolium, three specimens) completing the stand compliment. Ages ranged 
from 10 to 200 years with beech dominating the juvenile, semi-mature and 
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mature stages with one veteran and one mature oak tree. Only four trees 
were observed in decline. Heights ranged from 5 m to 55 m with 6 to 20 m 
being the common range. The most frequent diameter at breast height (DBH) 
was 0.4 m with two trees at 4 m. The site included sun, shade and partial 
shade. 
Total CWD (≥ 100 mm diameter x 500 mm length), including two manipulated 
oak stems, amounted to approximately 7.354 m3 (using Huber’s equation 
v=π/4.d20.5l and for stumps v=π/4.d
2h). The largest decay classes observed 
were stages three and five, following Hunter (1990), Enrong et al. (2006), 
Müller-Using & Bartsch (2009) and Stamm & Grove (2010) classification 
(Figure 2.11). 
 
3.2.2 Wood-fungus preparation 
 
Wood blocks (3000, approximately 25 x 15 x 10 mm) were cut and debarked 
in February 2009 from 50-60 mm diameter healthy branches of recently felled 
trees of beech, Fagus sylvatica and oak, Quercus robur, from Windsor Great 
Park. Larger diameter branches can contain extractives and bark, exogenous 
bacteria and fungal spores, detrimental to fungal establishment (L. Boddy, 
pers comm., 2009). Half the wood blocks were autoclaved for 30 minutes at 
121oC and the remainder were alcohol surface flamed (and termed natural) 
before placing on sub-cultured fungal plates.  
 
Under aseptic conditions fungi were subcultured on to 140 mm Petri dishes of 
autoclaved (15 mins. at 121oC) malt extract agar (20 gl-1 malt extract and 15 
gl-1 of LabM No 2 agar (Bury, Lancashire, UK) in 1litre of distilled water)) then 
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sealed (Nescofilm™) and incubated at 25oC under normal atmospheric 
conditions (March, 2009). After five weeks growth wood treatments were 
added, under aseptic conditions, to appropriate cultures, resealed and 
incubated as before for a further five weeks. Petri dishes were checked every 
2 to 3 days for contaminants. The wood-fungus treatment combinations are 
shown in Table 3.1 control was a trap without any wood or fungus added but 
all other accoutrements. 
Five days before the field experiment, under aseptic conditions, agar was 
removed from the underside of the wood-fungus blocks to reduce unwanted 
odours. This experiment investigates fungi and fungi with wood whereas 
Chapter 4 will investigate in part, wood only treatments. 
 
 
 
3.2.3 Trap design and Insect sampling 
 
It was construed important that the component materials should produce little 
to no odour. Traps comprised 325, 2 litre plastic water bottles cut through 
approximately 200 mm from the cap end allowing internal access (Figure 3.2). 
The main bottle body had 15 x 15 mm diameter with 15 x 7 mm diameter 
holes to allow insect access to interior and wind circulation. The two sizes 
Table 3.1 Twelve wood – fungal treatment combinations. Each trap contained 10 blocks in total 
of either single fungal species or, for dual treatments, five blocks of each single species. 
 
   
Oak  Beech  
Natural Autoclaved Natural Autoclaved 
Stereum gausaptum Stereum gausaptum Eutypa spinosa Eutypa spinosa 
Stereum hirsutum Stereum hirsutum Stereum hirsutum Stereum hirsutum 
S.gausaptum & 
S.hirsutum 
S.gausaptum & 
S.hirsutum 
E.spinosa & 
S.hirsutum 
E.spinosa & 
S.hirsutum 
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confuse and prevent Coleoptera exiting; apparently, they will enter a large 
hole but have difficulties exiting smaller holes, even if they can fit through (S. 
Leather, pers comm., 2008). In addition, 1ml-1l of lambda cyhalothrin 
microcapsule formulation (C23H19ClF3NO3) of 100g/l lambda-cyhalothrin and 
1,2-benzisothiazolin-3-one, (Hallmark Zeon™, Syngenta, UK.) was sprayed 
on the internal surface with a mist sprayer (depositing 0.5 ml per trap of 
0.05% of 10% a.i solution) to kill the insect.  The concentration was three 
times the agricultural dose, ensuring good coverage, fast knockdown and no 
field re-applications (G. Matthews, pers comm., 2009). Lambda cyhalothrin is 
a quick acting synthetic pyrethroid insecticide with UV stability and a non- 
volatile micro-encapsulated formula (Wege et al., 1999).  
 
The bottle’s base, now the waterproof roof, had a single metal cup hook (20 
mm) screwed internally into the plastic (Figure 3.2).  Suspended from each 
was a large weave unbleached muslin cloth gathered by paper clip, containing 
10 wood / fungus blocks (150 x 150 mm). Even after washing malaria nets the 
Lambda Cyhalothrin formulation was still active for at least 6 months after 
application (Das et al., 1993). Therefore, the muslin squares were treated in a 
solution of 1 ml l-1 of 0.05% of 10% a.i solution, which was twice the 
concentration for the malaria nets.  The screw top section was re-attached 
with Gaffer tape and filled with 6mg l-1  sodium benzoate dissolved in water 
with 0.2ml-1 of odour free detergent (Surcare™) to a depth of 60 mm, for 
insect preservation (Figure 3.2) and contents were emptied weekly via the 
screw cap into labelled plastic pots. The complete trap was now attached 
using Gaffer tape to 30 mm diameter bamboo poles to a height 1.2 m above  
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Figure 3.2 Trap design in-situ, High Standing Hill, Windsor, Berkshire, UK (Hart, 2009). 
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ground level. Bamboo canes were chosen over metal poles for their flexibility, 
sturdiness, economic considerations and lower risk of endemic fungal 
infestation. Consideration that bamboo may have repellent / attractive odours 
was given but it was felt, as a non-native it was more likely to be neutral to 
indigenous insects. 
 
3.2.4 Field experiment layout 
 
The numbered 325 traps (13 replicates per treatment including control) were 
placed 4 m apart in a stratified pattern (13 x 25) kindly created by Professor 
D. Quicke. This ensured that two identical treatments were not adjacent and 
each treatment had a different position in each of the 25 rows.  
 
3.2.5 Insect identification 
 
Weekly individual trap sample specimens were sorted to order and stored in 
ethanol. Then following identification (Joy, 1932; Fitten et al., 1988; Unwin, 
1988; Morris, 1991; Shaw & Huddleston, 1991; Goulet & Huber, 1993; 
Benisch, 2009; Levey, 2009) to family, sub family or species level each 
individual was card mounted (with appropriate trap number, treatment, and 
collection date label) and added to a dataframe before taxonomic expert 
species identification or corroboration (K. Alexander; M. Barclay; C. Lyal; D. 
Notton; D. L. J. Quicke and M. Rejzek).  
 
3.2.6 Statistical analysis 
 
Evaluation of wood-fungus treatment preferences for Coleoptera and 
parasitoid Hymenoptera was undertaken using the R statistical package (R 
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version 2.6.2 Mac OS X Cocoa GUI, 2008). Two dataframes (beetle and 
wasp) consisting of subfamilies or species, treatment, trap designation and 
week number were constructed with counts of specimens trapped; followed by 
dataframes to analyse only the abundant individual species (from combined 
treatments count) with additional columns for autoclaving (y/n) and tree 
species.                                                                                                                                                                                                                                                                                                                                 
 
Using a Generalised Linear Model (GLM or glm), for response variable 
counts, overcame problems of non-normal error distribution and/or non-
constant variance using the log link function, bounding counts (no –ve counts) 
and the family directive poisson, for error structure where variances equal 
mean. Where residual deviance was greater than residual degrees of freedom 
(over-dispersion), according to the dispersion parameter, the quasipoisson 
family directive was employed to reduce severely overestimating significance 
of model terms (Crawley, 2007).  
 
The categorical explanatory variables (Factors) included tree with two levels, 
fungi three levels and autoclaving two levels. The most abundant Coleoptera 
species and Hymenoptera subfamilies were modelled (separately) as a 
function of all (saturated) explanatory variables (first), then pairs with regard to 
interactions, followed by single terms. Significant interactions were further 
tested by minimal model, reducing levels of the categorical variable of interest 
with, for example, significant fungal treatment as level 1 and all others as level 
2; thereby confirming/refuting significance. Statistical analysis (following 
application of the glm) included z-test, t-test and Chi squared, of means 
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depending on sample size. Analysis of variance (ANOVA) was used to test 
more than two means, with the more rigorous test F-test chosen when 
quasipoisson errors applied. For subfamily or species abundances of less 
than 40 individuals, Pearson’s chi squared was used. 
 
3.3 Results 
In total, 4637 individual beetles belonging to 27 families and 85 species 
(Table 3.2) and 1714 individual parasitoid wasps belonging to 36 subfamilies 
(Table 3.3) were trapped over 20 weeks (May to September 2009) across the 
treatment range (Figure 3.2). Xylophagous beetles constituted 984 individuals 
of total trapped belonging to five families and 24 species with a further 570 
individuals from the total belonging to two families and three species of 
saproxylic beetles suspected to be xylophages (Figure 3.3). The parasitoid 
wasp subfamilies, where all are wood associated, constituted 52 individuals 
from four subfamilies with a further 934 individuals belonging to 10 
subfamilies that have many species wood associated. The majority of beetles 
and parasitoid wasps were caught from May to the beginning of July (weeks 
1-7) (Figure 3.3).  
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Figure. 3.3    Temporal distribution during 2009 of all trapped Coleoptera and parasitoid Hymenoptera at 
the study site. 
 
3.3.1 Coleoptera 
 
Table 3.2 summarises all the 4637 beetles trapped over the twenty-week 
study and their wood association. 
 
Table 3.2    Summary of adult Coleoptera species trapped over twenty-week field study with 
wood association. Larval designation, X = xylophagous, S = saproxylic, F = fungivorous, 
NA = not associated and P = predator. 
 
Family Species n Association 
 
Anobiidae 
 
Grynobius planus 
 
3 S, X 
Anobiidae Hedobia imperialis 99 S, X 
Anobiidae Hadrobregmus denticollis 92 S, X 
Anobiidae Hemicoelus fulvicornis 42 S, X 
Apionidae Protapion sp. 1 NA 
Attelabidae Attelabus nitens 2 NA 
Byturidae Byturus tomentosus 2 NA 
Attelabidae Rhynchites aeneovirens 4 NA 
Cantharidae Cantharis cryptica 7 NA 
Cantharidae Cantharis decipiens 105 NA 
Cantharidae Cantharis pellucida 27 NA 
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Table 3.2  cont… 
Family 
 
Species 
   
  n 
 
Association 
 
Cantharidae 
 
Rhagonycha fulva 
 
9 NA 
Cantharidae Rhagonycla lignosa 28 NA 
Cantharidae Rhagonycha lutea 4 NA 
Cerambycidae Alosterna tabacicolor 2 S,  X 
Cerambycidae Anaglyptus mysticus 6 S,  X 
Cerambycidae Clytus arietus 15 S,  X 
Cerambycidae Grammoptera ruficornis 4 S,  X 
Cerambycidae Grammoptera ustulata 4 S,  X 
Cerambycidae Leiopus nebulosus 2 S,  X 
Cerambycidae Obrium brunneum 2 S,  X 
Cerambycidae Rhagium bifasciatum 3 S,  X 
Cerambycidae Rutpela maculata 7 S,  X 
Cerambycidae Stictoleptura scutellata 1 S, X 
Cerylionidae Cerylon ferrugineum 23 S, F 
Cerylonidae Cerylon histeroides 14 S, F 
Chrysomelidae Altica sp. 9 NA 
Ciidae Cis boleti 2 F 
Ciidae Cis festivus 34 S, F 
Cleridae Opilo mollis 3 S 
Colydiidae Bitoma crenata 1 S 
Colydiidae Cicones variegata 1 S, F 
Colydiidae Cicones undatus 4 F 
Colydiidae Pycomerus terebrans 1 S 
Cucujidae Pediacus depressus 1 S 
Cucujidae Pediacus dermestoides 21 S, P 
Curculionidae Curculio pyrrhoceras 105 NA 
Curculionidae Curculio villosus 2 NA 
Curculionidae Strophosoma melanogramma 255 NA 
Curculionidae Phyllobius argentatus 43 NA 
Curculionidae Rhynchaeus rusci 3 NA 
Elateridae Athous haemorrhoidalis 109 NA 
Elateridae Agriotes acuminatus 7 NA 
Elateridae Agriotes pallidulus 103 NA 
Elateridae Ampedus balteatus 2 S 
Elateridae Ampedus rufipennis 1 S 
Elateridae  Dalopius marginatus     235 NA 
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Cerambycidae 
Cerambycidae 
 
Stenurella melanura 
Stictoleptura scutellata 
 
2 
1 
 
S, X 
S, X 
Cerylionidae Cerylon ferrugineum 23 S, F 
Cerylonidae Cerylon histeroides 14 S, F 
Chrysomelidae Altica sp. 9 NA 
Ciidae Cis boleti 2 F 
Ciidae Cis festivus 34 S, F 
Cleridae Opilo mollis 3 S 
Colydiidae Bitoma crenata 1 S 
Colydiidae Cicones variegata 1 S, F 
Colydiidae Cicones undatus 4 F 
Colydiidae Pycomerus terebrans 1 S 
Cucujidae Pediacus depressus 1 S 
Cucujidae Pediacus dermestoides 21 S, P 
Curculionidae Curculio pyrrhoceras 105 NA 
Curculionidae Curculio villosus 2 NA 
Curculionidae Strophosoma melanogramma 255 NA 
Curculionidae Phyllobius argentatus 43 NA 
Curculionidae Rhynchaeus rusci 3 NA 
Elateridae Athous haemorrhoidalis 109 NA 
Elateridae Agriotes acuminatus 7 NA 
Elateridae Agriotes pallidulus 103 NA 
Elateridae Ampedus balteatus 2 S 
Elateridae Ampedus rufipennis 1 S 
Elateridae Dalopius marginatus 235 NA 
Elateridae Denticollis linearis 43 S, ? X 
Elateridae Melanotus castanipes 517 S, ? X 
Elateridae Melanotus vilosus 37 S 
Elateridae Pancraerus tibialis 4 S 
Elateridae Panspaeus guttatus 13 NA 
Eucnemidae Melasis buprestoides 416 S, X 
Hydrophilidae Spaeridium scarabaeoides 1 NA 
Latridiidae Stephostethus alternans 26 F 
Leiodidae Choleva sp. 1 NA 
    
    
    
 
 
Family 
 
 
Species 
 
 
n 
 
 
Association 
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Family       Species                                       n                  Association 
 
 
 
 
 
 
Melyridae 
Mordellidae 
Nitidkidae 
Nitidulidae 
Malachius bipustulatus 
Tomoxia bucephala 
 Epuraea aestiva 
 Epuraea biguttata 
6 
7 
52 
4 
S 
S, ? X 
F 
F 
Salpingidae Vincenzellus ruficollis 5 S, P 
Scarabaeidae Aphodius ater. 2 NA 
Scarabaeidae Aphodius sticticus 17 NA 
Scarabaeidae Serica brunnea 2 NA 
Scirtidae Cyphon coarctatus 5 NA 
Scolytidae Dryocoetes autographus 1 S, X 
Scolytidae Emoporicus fagi 23 S, X 
Scolytidae Xyleborus dryographus 6 S, X 
Scraptiidae Anaspis fasciata 1 S, X, F 
Scraptiidae Anaspis frontalis 108 S, X, F 
Scraptiidae Anaspis maculata 87 S, X, F 
Scraptiidae Anaspis thoracica 24 S, X, F 
Silphidae Necrophorus vespilloides 3 NA 
Silphidae Silpha atrata 1 NA 
Silphidae Xylodrepa quadrimaculata 1 NA 
Staphylinidae Anotylus sculpturatus/mutator 28 NA 
Staphylinidae Anotylus tetracarinatus 25 NA 
Staphylinidae Lordithon lunulatus 15 NA 
Staphylinidae Philothus splendens 6 NA 
Staphylinidae Quedius scintillus 14 NA 
Tenebrionidae Tenebrio mollitor 1 S 
Throscidae Trixagus carinifrons 1446 F, ? X 
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Over the twenty-week study a preference for treatment Stereum hirsutum on 
natural beech (Z12 = 3.196, P < 0.001) was noted for the combined treatment 
abundance of xylophagous beetle species (Figure 3.4). 
 
 
 
Figure 3.4    Twenty-week mean (± S.E.M.) treatment count for combined xylophagous beetle species 
excluding suspected xylophagous saproxylics.  A = autoclaved wood. 
 
Count distribution in oak treatments (Figure 3.3) was more evenly distributed 
compared with beech, where Eutypa spinosa sub-cultured on both natural and 
autoclaved wood exhibited the lowest mean counts. The second highest 
mean total, dual fungi on natural beech, suggests that Stereum hirsutum may 
have attracted the beetles rather than Eutypa spinosa. Stereum hirsutum sub-
cultured on oak attracted similar mean abundances as other oak treatments 
but less than beech, suggesting that the ubiquitous pioneer fungi Stereum 
hirsutum and its influence on beetle abundance is dependent on associated 
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tree species. Oak and beech xylophage abundance was 453 and 545 
individuals respectively (excluding control and suspected xylophages). 
In total eight xylophagous beetle species and two saproxylic species believed 
to be xylophagous, one soil fungivore and four saproxylic fungivorous species 
were tested using a GLM for preferences and any categorical interactions and 
X2 < 40 individuals. In addition species > 100 individuals not associated with 
the wood habitat were also tested using a GLM, for comparison. 
 
3.3.2 Saproxylic xylophagous beetle species 
 
Unless otherwise stated two and three -way interactions involving fungal 
treatments, autoclaved treatments and tree species on count, were not found. 
 
Melasis buprestoides (Eucnemidae) data showed a two-way interaction 
between tree and autoclaved treatments (F1,293 = 4.154, P < 0.05) where 
autoclaved treatments (t294 = -3.68, P < 0.001) and oak (t298 = -2.136, P < 
0.05) trapped the lowest abundance of individuals. A strong preference for 
Stereum hirsutum on natural beech (t323 = 9.69, P < 0.001) (control = 2) was 
noted in the minimum model with treatment Eutypa spinosa on natural or 
autoclaved (t294 = -3.31, P < 0.001) wood the least preferred. 
 
Hadrobregmus denticollis (Anobiidae) showed least preference for the control 
treatment (t323 = 1.948, P  < 0.05). No preference was found for tree species  
(F1,323 = 0.138, P  > 0.1) or autoclaving (F1,323 = 0.732, P  > 0.1).  Hedobia 
imperialis (Anobiidae) data indicated no preference for tree species (F1,298 = 
0.491, P  > 0.1) or autoclaving (F1,293 = 2.254, P > 0.1). A preference for 
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Stereum hirsutum on natural beech (t323 = 2.509, P  < 0.01) was however, 
illustrated in the minimum model.    Hemicoelus fulvicornis (Anobiidae) data 
showed no preference for a treatment (F4,297 = 2.026, P  > 0.05), tree species 
(F 0.885, P  > 0.1) or autoclaving (t288 = -0.768, P  > 0.1). Ernoporus fagi 
(Scolytidae) showed no treatments effects (X2 = 2.533, P > 0.5, df 5). 
 
Anaspis frontalis (Scraptiidae) had a preference for the treatment Stereum 
hirsutum on natural beech as (t11 = 3.718, P  < 0.003) shown in the minimum 
model but Anaspis maculata (Scraptiidae) showed no preferences for 
treatment, tree or autoclaving.  
 
 
3.3.3 Saproxylic beetle species suspected to be sapro-xylophagous  
 
Melanotus castanipes (Elateridae) are saproxylic beetles with larvae located 
within dead wood. The data showed no preference for treatment (F4,297 = 
0.536, P  > 0.1), tree species (F1,298 = 0.208, P  > 0.1) or autoclaved 
treatments (F1,293 = 0.127, P  > 0.1). Melanotus villosus larvae frequently 
develop in red rotted wood also had no treatment preference (X2 = 8.154, P > 
0.1).  The saproxylic beetle Denticollis linearis (Elateridae) larvae are 
omnivorous and believed also to feed on dead wood material. Adults least 
preferred treatment Stereum hirsutum and Stereum gausapatum on 
autoclaved oak (F4,297 = 2.296, P  <0.05) with zero individuals trapped. 
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3.3.4 Decay vegetation, fungal and predatory beetle species 
 
Trixagus carinifrons (Throscidae) larvae feed on soil ectomycorrhizal fungi 
and have been suggested secondary sapro-xylophages. Although abundant in 
all treatments adults showed a strong preference for dual fungal treatment 
Stereum hirsutum and Eutypa spinosa on natural beech (t323  = 3.438, P  < 
0.0001). The nitidulid Euporaea aestiva of decaying vegetation with adults 
and larvae feeding on fungi showed no preferences along with Ciidae, Cis 
festivus (X2 = 4.534, P  0.4, df 5), cerylionid, Cerylon ferrugineum (X2 = 2.533, 
p = > 0.5, df 5) and Latriidid, Stephostethus alternans (X2 = 3.594, P  > 0.4, df 
5). Cantharis decipiens (Cantharidae) larvae are predatory in decaying wood 
but showed no preference for tree, autoclaving or treatments (F11,288 = 1.168, 
P  > 0.3). 
 
3.3.5 Non-saproxylic species 
 
The following trapped beetle species larvae are associated with grass as root 
feeders and predators. Agriotes pallidulus (Elateridae) showed a preference 
for Eutypa spinosa on autoclaved beech (t323 = 2.281, P  < 0.05) and Stereum 
hirsutum and Eutypa spinosa on autoclaved beech (t319 = 2.202, P < 0.05). 
Oak also had fewer individuals than beech (t297 = -2.281, P  < 0.05).  Whereas 
elaterids Athous haemorrhoidalis and Dalopius marginatus showed no 
preferences (treatment, F12,312 = 1.427, P  > 0.1; F11,288 = 0.895, P  > 0.5, 
respectively). Strophosoma melanogramma (Curculionidae) also had no 
preference for tree or autoclaving or treatment (F296 = 0.747, P  > 0.5).  
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3.3.6 Parasitoid Hymenoptera 
 
Table 3.3 summarizes all the 1815 parasitoid wasps trapped over the twenty-
week study and their host species wood association.  
 
Table 3.3  Summary of parasitoid Hymenoptera subfamilies and count (n) trapped over 
twenty-week field study with wood association. 0 = not associated with wood hosts, 1 = 
many species of subfamily associated with wood hosts and 2 = all species of subfamily 
associated with wood hosts. 
 
Superfamily Family Subfamily n Associatio
n 
Ceraphronoidea Megaspilidae Megaspilinae 27 0 
Chalcidoidea Orymiridae n.a. 26 0 
Chalcidoidea Pteromalidae Pteromalinae 221 1 
Chalcidoidea Torymidae Toryminae 9 0 
Ichneumonoidea Braconidae Alysiinae 19 1 
Ichneumonoidea Braconidae Aphidiinae 19 0 
Ichneumonoidea Braconidae Blacinae 79 1 
Ichneumonoidea Braconidae Cheloninae 4 0 
Ichneumonoidea Braconidae Doryctinae 18 1 
Ichneumonoidea Braconidae Euphorinae 4 0 
Ichneumonoidea Braconidae Helconinae 20 2 
Ichneumonoidea Braconidae Histomerinae 1 2 
Ichneumonoidea Braconidae Macrocentrinae 4 1 
Ichneumonoidea Braconidae Meteoridiinae 3 0 
Ichneumonoidea Braconidae Meteorinae 16 0 
Ichneumonoidea Braconidae Microgastrinae 8 0 
Ichneumonoidea Braconidae Opiinae 28 0 
Ichneumonoidea Braconidae Rhyssalinae 3 2 
Ichneumonoidea Braconidae Rogadinae 6 0 
Ichneumonoidea Ichneumonidae Banchinae 57 1 
Ichneumonoidea Ichneumonidae Campopleginae 7 1 
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Table 3.3 cont……. 
 
Superfamily Family Subfamily n Asociation 
Ichneumonoidea Ichneumonidae Cryptinae 429 1 
Ichneumonoidea Ichneumonidae Ctenopelmatinae 5 0 
Ichneumonoidea Ichneumonidae Ichneumoninae 96 0 
Ichneumonoidea Ichneumonidae Mesochorinae 3 0 
 Ichneumonoidea  Ichneumonidae Metopiinae    1    0 
 Ichneumonoidea  Ichneumonidae Ophioninae    6    0 
 Ichneumonoidea  Ichneumonidae Orthocentrinae   41   1 
 Ichneumonoidea  Ichneumonidae Pimplinae   48   1 
 Ichneumonoidea  Ichneumonidae Tersilochinae     1    0 
 Ichneumonoidea  Ichneumonidae Tryphoninae    2    0 
 Platygastroidea  Platygastridae Platygastrinae     4     0 
 Proctotrupoidae  Diapriidae Belytinae 
     
126     0 
 Proctotrupoidae  Diapriidae Diapriinae 
 
383     0 
 Proctotrupoidae  Proctotrupidae Proctotrupinae   31     2 
      
Over the twenty-week study a preference for treatment Stereum hirsutum on 
natural beech (Z12 = 3.57, P  < 0.0001) was noted for the combined 
abundance of parasitoid wasp subfamilies with all or many species associated 
with wood (Figure 3.5). 
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Figure 3.5    Twenty-week mean (± S.E.M.) treatment count for combined parasitoid wasp subfamilies 
with all or many species associated with wood.  A = autoclaved wood. 
 
Eutypa spinosa once again has the lowest abundance but, S. hirsutum in both 
oak and beech treatments showed similar mean abundance. The second 
highest mean abundance is the dual fungal treatment on natural beech 
suggesting, as with the beetles, that S. hirsutum is the more dominant or 
preferred volatile bouquet than Eutypa spinosa. Oak and beech wasp 
abundance for all or many species with wood associated hosts was 569 and 
560 individuals respectively (excluding control). In total nine subfamilies with 
many or all species associated with wood hosts and two subfamilies not 
associated with wood hosts were analysed. Where abundance was > 40 
individuals a GLM was used for treatment preference and interactions 
otherwise, a X2 was employed. The high abundance of certain parasitoid 
wasps with non-saproxylic hosts could not be ignored and therefore they too 
were subjected to analysis. 
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3.3.7 Parasitoid wasp subfamilies with many or all species associated  
         with insect hosts of dead wood  
 
Unless otherwise stated two and three -way interactions involving wood - 
fungal treatments, autoclaved treatments and tree species on count were not 
found. 
 
The subfamily Pteromalinae (Chalcidoidea) showed no preference for 
treatment (F4,297 = 1.743, P  > 0.1), tree (F1,298 = 0.905, P > 0.1) or autoclaved 
treatments (F1,293 = 0.011, P > 0.1). The Braconid subfamily Blacinae genus 
Blacus, however, indicated a strong preference for the treatment Stereum 
hirsutum on natural beech (t323 = 2.958, P  < 0.001). Tree (F1,298 = 0.443, P  < 
0.5) and autoclaved treatments (F1,293 = 0.145, P  < 0.5) showed no 
preference. The Ichneumonid subfamily Banchinae showed a preference for 
oak (F1,298 = 5.844, P  > 0.01) and least preference for treatment E. spinosa 
on natural or autoclaved beech (t323 = 2.372, P  < 0.05) while Cryptinae 
(Ichneumonidae) indicated no preferences for treatment (F4,297 = 0.726, P  > 
0.1), tree (F1,298 = 0.128, P > 0.1) or autoclaved treatments (F1,293 = 0.708, P > 
0.1).  Another ichneumonid subfamily, Pimplinae also indicated no preference 
for treatment (F4,297 = 1.880, P  > 0.1), tree (F1,294 = 0.040, P  > 0.5) or 
autoclaved treatments (F1,293 = 0.000, P > 1). 
 
The following low abundance subfamilies (< 40) were evaluated with Chi 
square test to establish the null hypothesis that the treatments have no affect 
on count.  The proctotrupid subfamily Proctotrupinae result (X2 = 17.41, P  < 
0.001, df 5) indicated a treatment effect with a preference for dual fungal 
treatment Stereum hirsutum and Eutypa spinosa on natural beech. The 
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ichneumonid subfamily Orthocentrinae (X2 = 16.25, P  < 0.001, df 5) 
suggested that the least preferred treatments were natural oak with Stereum 
hirsutum and natural beech with Eutypa spinosa. The braconid subfamilies 
Doryctinae (X2 = 9.9, P > 0.05, df 5) and Helconinae (X2 = 8, P  > 0.1, df 5) 
counts were not affected by treatment and thus showed no treatment 
preferences but abundance was very low. 
 
3.3.8 Subfamilies and species whose host insect species are not 
associated with dead wood. 
 
One species Spilomicrus hemipterus (Diapriidae: Diapriinae) (n = 350) was 
highly abundant, so much so, it was higher than other subfamily totals and 
demanded identification and analysis. Although their host species are not 
saproxylic the wasps displayed a strong preference for dual treatment S. 
hirsutum and E. spinosa on natural beech (t323 = 3.97, P  < 0.001). Tree 
species also had an affect with oak having significantly fewer individuals than 
beech (t298 = -2.61, P  < 0.001).  The subfamily Belytinae (Diapriidae) also not 
associated with saproxylic hosts showed a preference for S. hirsutum on 
natural beech (t323 = 2.327, P  < 0.05) and beech in general (F1,294 = 3.607, P  
< 0.05). The subfamily Ichneumoninae (Ichneumonidae) though, showed no 
preferences for treatment (F4, 295 = 1.122, P > 0.3), tree (F1,294 = p = 0.4) and 
autoclaving (F1,293 = 0.037, P  < 0.5). 
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3.4 Discussion 
3.4.1 Beetles 
 
Some 21 % of principally sapro-xylophagous beetles were trapped from five 
families, Eucnemidae, Anobiidae, Scraptiidae, Cerambycidae and Scolytidae. 
A further 12% was represented by elaterid species suspected of xylophagy. 
Saproxylic fungivores accounted for just 2.6% of total whereas the soil 
ectomycorrhizal fungivorous species and suspected secondary xylophage, 
Trixagus carinifrons (Throscidae), represented 31%.  The highest numbers 
were trapped in May, June and July, dominated by Trixagus carinifrons 
(Throscidae) - 1446 individuals, Melasis buprestoides (Eucnemidae) - 416 
and family Elateridae - 1077 from 12 species (Figure 3.2). In general, adult 
elaterids emerge in May and as short-lived adults until July, by which time 
mating and oviposition has occurred (Arnett et al., 2002; Wallace, 2009) and 
is supported by Figure 3.2 and Choi et al. (2010) whose study of pine forests 
found live / dead wood feeders and herbivores most abundant between May 
and July. The scattered records of Eucnemidae also point towards adult 
emergence (Brustle & Muona, 2009) at this time, but unfortunately, there is 
scant literature on the Throscidae. In addition, diversity and abundance of 
beetle species trapped was reflected in the height above ground of the study 
traps. Lesonko et al. (2005) identified elaterids as most abundant in the lower 
strata (0.5m above ground level) alongside Eucnemidae, while Muller et al. 
(2008), concluded that the amount of dead wood had a positive effect on 
elaterid abundance. The study site survey showed dead wood volume as 
7.35m3, three times the proposed Forestry Commission amount per hectare 
comprising mainly of stage three and five decay classes.  
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Coincidently, at the study site, weather conditions varied from the seasonal 
norm including two periods lasting one and two weeks of 26 to 29oC (start of 
June and July, respectively) followed by lower temperatures, heavy rain and 
the wettest July on record (187% above normal) to date (Meteorological 
Office, UK). Comparing this with Figure 3.2, beetle abundance follows the 
conditions with higher abundance during drier warmer periods (weeks 1-7). 
Edde et al. (2006), Ghandi et al. (2007) and Muck (2008) suggest that 
minimum air temperature (14oC) and climatic weekly variations are also 
responsible for a given species’ abundance. Therefore, ambient conditions 
may also have contributed to beetle abundance between May and July. 
 
Four sapro-xylophagous beetle species, two suspected spro-
xylophagous/secondary sapro-xylophagous species and one non-saproxylic 
species were shown to have preferences for a wood-fungal treatment. 
 
The eucnemid beetle Melasis buprestoides (Nationally scarce B) had a strong 
preference (118) for natural beech with S. hirsutum. Other treatment catches 
ranged between, 22 to 46 individuals with E. spinosa on natural and 
autoclaved beech amassing only thirteen individuals and control trapping just 
two individuals. It is suggested here that beech wood volatiles and/or other 
microbial inhabitants, otherwise destroyed or altered by autoclaving and 
subsequent sub-cultured fungal volatile metabolites, as confirmed by Stereum 
hirsutum, may well produce an altered volatile profile (Bruce et al., 2005) 
demonstrated by fungi sub-cultured on agar e.g. 1-octen-3-ol, a common 
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volatile in six week growth with fruiting bodies malt extract agar cultured 
fungal mycelium is missing in six-week-old aspen/brown rot fungal 
interactions (Korpi et al., 1999; Ewen et al., 2004). Eucnemid adults have 
good dispersal ability (Muona, 2002) and with only two individuals trapped in 
control traps over twenty weeks, random landing behaviour appears less likely 
supported by the evident importance of wood/fungal combined volatiles and 
lack of natural visual stimuli from the traps. 
Muona and Teräväinen (2008) acknowledge the Melasis genus is one of only 
four Eucnemidae that possesses true wood boring larvae. How they utilise 
this resource for dietary needs is unknown.  The other genera that exploit 
rotted soft wood may feed extra orally, especially of fungal hyphae, with all 
genera having a strong association with white rot Basidiomycota and 
Ascomycota. This is further supported by the larval mouthparts of certain 
studied species e.g. Dirrhagofarsus attenuatus that change between instars 
from strong biting mandibles (Melasis) to non-opposable mouthparts for liquid 
feeding suggesting that they may utilise fungal enzymes to breakdown woody 
substrates (Kukor et al., 1988; Burakowski & Bucholtz, 1989; Muona & 
Teräväinen, 2008; Grünwald et al., 2010).  The finding of volatile attraction to 
S. hirsutum on beech is new to science. 
 
Hedobia imperialis and Hadrobregmus denticollis (Nationally scarce B) 
showed a treatment preference – S. hirsutum on natural beech the former and 
control least preferred in the latter. Little is known about these two species 
trapped but research on pest Anobiidae suggests that the wood/fungal 
complex plays an important role in resource location, as demonstrated by 
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Belmain et al. (2001). Positive anemotactic orientation to an odour plume of 
wood decay fungi Coriolus versicolor and Donkioporia expansa and oak wood 
was noted for the xylophagous beetle, Xestobium rufovillosum (Anobiidae, 
death-watch beetle). Interestingly, non-decayed oak did not attract females 
but mycelial extracts did produce a positive response with females more 
oriented to the dual complex volatiles between 10 and 16 days old. Anobiidae 
species have also been shown to develop within fruiting bodies of Fomitopsis 
pinicola (Krasutskii, 2004) rather than the wood. Overall, woodland/forest site 
dead wood studies have identified species of Anobiidae as present in beech 
limbs, dry trunk wood, old oak branches with good adult dispersal (Ranius & 
Jansson, 2000; Bouget, 2005). Muller et al. (2008) showed however, that 
fresh dead wood or amount, decay fungi including Fomes fomentarius or 
management intensity had no significant effect on abundance. These two 
species results therefore suggest that the wood / fungal complex volatiles and 
proposed fungal volatiles, isolated by autoclaving, play a role in resource 
location.  
 
Anaspis frontalis (Scraptiidae) larvae develop under lose bark of dead wood 
feeding on wood fibres, fungi and possibly predation (Alexander, 2002; Muller 
et al., 2008; Levey, 2009). Although not wood-borers in the true sense they 
have been deemed xylophagous in this text through their ingestion of wood. 
Abundant and widespread adults are apparent from May to July on understory 
flowers and supported in the trapping data (Figure 3.2), they had a strong 
preference for S. hirsutum on natural beech. Interestingly, 50% of the 108 
individuals trapped alongside preference treatment were also found in dual 
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fungi on natural beech and Stereum gausapatum on natural oak. Faldt et al. 
(1998) discovered that another scraptid Anaspis marginicollis was attracted to 
rac-oct-1-en-3-ol from F. pinicola fungi on living or dead coniferous trees and 
Fagus sp. (Krasutskii, 2004), either in-situ or of macerated fruit body but, it is 
the volatile chemical rather than fruiting body per se which has the attraction 
(Krasutskii, 2004). The results here show first, affinities for Stereum species, 
second the only reared adult records of Anaspis frontalis are from Quercus 
and Acer in Sweden (Palm, 1959), and third combined natural wood/fungal 
complex odours are most attractive. This study therefore suggests that beech 
may also harbour larvae, supported by the fact that adults are flower feeders 
and experimental trapping may be attributed to oviposition site selection 
through olfactory detection rather than visual stimuli. The limited literature at 
present indicates stand age, wood decay stage or presence of gaps are 
relevant to this family (Bouget, 2005; Gibb et al., 2006) with Irmler et al. 
(2010) noting Anaspis maculata as a good dispersal agent, even over 
grassland.  
 
The Cerambycidae were poorly represented in the traps with 48 individuals 
from 11 species. Of these, two, Obrium brunneum, Stictoleptura scutellata are 
nationally scarce A and one, Grammoptera ustulata Red Data Book 3 (Duff, 
2007a, b). Cerambycidae larvae are associated with dead wood (recent–
rotted, hard–damp) or roots, with adult activity ranging from spring, summer 
and autumn to following summer. Five species are accepted as trapped 
tourist species, but higher counts could have been expected for five, Clytus 
arietis from dead wood of various trees, Leiopus nebulosus of various dead 
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branches, Stictoleptura scutellata from beech-ancient woodland pasture, 
Grammoptera ruficornis using fungus-infected small branches of various trees 
and Rutpela maculata from various deciduous and coniferous dead trees with 
white rot (Duff, 2007). All except S.scutellata are common and widespread 
suggesting that other sensory behaviours may be equally or more important 
for oviposition resource location, such as vision or larval/imaginal volatile 
memory and/or random landing behaviour (Saint-Germain et al, 2009). 
Inappropriate fungal species or decay process (brown or white rot) may also 
have affected trap success, as for Grammoptera ustulata, associated with 
Vuilleminia comedens fungus (Duff, 2007). Importantly, although lambda 
cyhalothrin is reported to have very low volatility it may possess repellent 
qualities to cerambycids. No direct evidence exists for cerambycids but, Rose 
et al. (2005, 2006) showed a clear avoidance by Hylobius abietis 
(Curculionidae) for lambda cyhalothrin-treated Scots pine twigs and the 
coccinelid Coccinella septempunctata indicated repellency to another 
pyrethroid, deltamethrin used in winter wheat, where it predates on the cereal 
aphid Sitobian avenae (Wiles & Jepson, 2011). However, Peňa et al. (2011) 
noted that lambda cyhalothrin in combination with thiamethoxam had no effect 
on the number of borings by the ambrosia beetle Xyleborus glabratus 
(Scolytidae) on avocado trees. Therefore, the low numbers could be attributed 
to repellency and/or lack of visual cues from clear plastic traps and white 
muslin or incorrect fungal decay species. Details of the chemical ecology of 
Cerambycidae are sparse, especially, with regard to wood-fungus interactions 
as attractants to dead/dying wood and is on pest species only. The limited 
pest species research, indicates monoterpenes, such as Pinus- -pinene and 
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ethanol, from dead/dying trees are significant pest attractants (Ikeda et al., 
1981; Montgomery & Wargo, 1983). Bark beetle pheromones (Ips spp.) e.g. 
ipsenol, ipsdienol and verbenone also present in larval frass, attract 
Cerambycidae, possibly reducing their resource search time, but to the 
detriment of bark beetle larval survival (Allison et al., 2003).  
 
 
Denticollis linearis (Elateridae) have omnivorous larvae that are predators and 
phloem feeders beneath the bark and within decaying heartwood of 
broadleaved and pine trees (Alexander, 2002). The wide larval host range is 
reflected in low treatment abundance and S. hirsutum and S.gausaptum on 
autoclaved oak trapping no individuals. With only 43 individuals trapped little 
can be gleaned from the data without further experimentation; though it is 
postulated that other fungal species or combinations may have greater 
attractive qualities despite the ubiquitous nature of S. hirsutum used in this 
experiment. 
 
The throscid beetle, Trixagus carinifrons displayed a strong preference for 
natural beech with both S. hirsutum and E. spinosa (204 individuals) and this 
behaviour is new to science. Interestingly, single treatments of the significant 
combination only, showed a synergistic effect. The other treatments although 
not significant, also trapped a number of individuals suggesting the beetle 
may use a generic volatile cue and/or random landing behaviour (Saint-
Germain et al., 2007,2009) or larval memory (H, 1917) of volatile environment 
within the decay habitat. Known as a chemical arrestant it may explain why 
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the control had a large catch number of 120 individuals.  It is surprising that 
despite this studies abundant catch (1446), many reports investigating the 
dead wood habitat e.g. CWD, leaf litter, decay fungi etc, have little to no 
contact with this species (Johansson et al., 2006; Topp et al., 2006; Fossestol 
et al., 2009; Irmler et al., 2010). In the limited literature, Bouget (2005) refers 
to the Throscidae as secondary xylophagous beetles while Burakowski (1975) 
and Alexander (2002) link Throscidae and Trixagus genus larvae with 
ectotrophic mycorrhizal feeding. In general, adults are suggested to feed on 
pollen or mould and have been trapped in a variety of habitats i.e. leaf litter, 
grain storage, rotted wood and mammal burrows (Johnson, 2002). The 
common denominator here is decay organisms i.e. fungi.   Bäck et al. (2010) 
under laboratory conditions identified acetone, 1-octen-3-ol, isoprene, linalool 
and acetaldehyde volatile emissions from decomposing pine wood and 
ectomycorrhizal fungi. Whilst Menotta et al. (2003) found Tuber borchii 
(ectomycorrhizal Ascomycete) and Tilia americana (plant roots) symbiotically 
or separately produced a total of 73 volatiles, including ethylene released by 
T.borchii (Splivallo et al., 2009). Evans et al. (2008) identified volatiles from 
Stereum gausapatum singularly/self pairing for example, putatively as methyl 
benzoate, benzaldehyde, dimethylbenzoic acid, methyl ester and against 
Trametes versicolor, 5-methyl, 1,3-cyclohexadiene and one a strong 
resemblance to -myrcene. Therefore, depending on habitat association, 
fungi give rise to a plethora of volatile organic compounds. Trixagus 
carinifrons has an “odour soup” as described by Bruce et al. (2005), to travel 
through and chemical ratios may well be important, and may explain their 
abundance in all treatments and support the theory of them alighting on 
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comparable sources. This suggests that the metabolic fungal volatiles are a 
key element, especially for gravid females.   
 
The elaterid beetle Agriotes pallidulus was found preferentially trapped in E. 
spinosa on autoclaved beech and S. hirsutum and E. spinosa on autoclaved 
beech. This species is not saproxylic and larvae feed on grass root systems; 
therefore, it may seem strange to trap such a species. With reference to 
volatiles listed previously, other biological systems can emit the same. For 
example, acetaldehyde and isoprene emitted by ectomycorrhizal fungi, 
decomposing pine and stressed trees and benzaldehyde from S. hirsutum are 
all organic volatile compounds emitted by grasses (Kesselmeier & Staudt, 
1999; Bai et al., 2006; Evans et al., 2008; Back et al., 2010). Bruce et al. 
(2005), suggests that chemical ratios are utilised by herbivorous insects to 
locate a specific host and with the plethora of biogenic volatiles within the 
habitat this seems reasonable. It is suggested here as before that autoclaving 
of the preferred treatment may have removed-increased-decreased chemical 
volatiles from natural wood – fungal interaction to within a predetermined 
range similar to host grass volatiles attracting adults as they disperse through 
the air It also suggests that autoclaving wood may remove volatile 
components unique to wood and or fungi in isolation.  
 
3.4.2 Parasitoid wasps 
 
 Quicke (1997) has suggested that most hosts have evolved to present little to 
no odoriferous compounds and that once general habitat volatile cues have 
been identified the parasitoid relies on more localised visual, gustatory or 
vibration signals. In this experiment the treatments may have represented 
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more general habitat volatile cues to the wasps, which on further investigation 
were trapped.  Dethier et al. (1960), explained habitat volatile cues as 
arrestant chemicals that are non-directional but indicate a possible host area 
as opposed to an attractant used in close quarters searching behaviour. 
Subfamilies with all wood associated species accounted for 3% of total count 
(Helconinae, Histomerinae, Rhyssalinae and Proctotrupinae) whereas 
subfamilies with many wood associated species accounted for 53%  
(Pteromalinae, Blacinae, Doryctinae, Macrocentrinae, Banchinae, 
Campopleginae, Cryptinae, Orthocentrinae and Pimplinae).  In addition, 
subfamilies not associated with saproxylic hosts accounted for 41% of the 
total count. As for beetles, it is accepted that lambda cyhalothrin pesticide 
may have repelled certain saproxylic wasp species. In contrast, Desneux et 
al.  (2004) demonstrated that Aphidius ervi (Aphidiinae) was unaffected by 
pesticide application and olfaction was still successful in identifying the aphid- 
plant odour. Figure 3.2 illustrates 96% of total wasps trapped occurred as for 
beetles, between May and July. It is proposed that during this period their host 
species were apparent and ambient conditions conducive to host searching 
behaviour. Ambient conditions were below average during the remaining 
study period and this may have affected wasp species that would normally 
have been active alongside their hosts. For example, Kroder et al. (2007, 
2008), showed Pimpla turionellae females host searching behaviour was 
reduced in suboptimal temperatures, most probably due to their 
thermoregulation requirements. Amat et al. (2006) noted that arrhenotokous 
females of Venturia canescens, increased patch searching time as 
temperature decreased therefore travelling less within the habitat. The theory 
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for lower trapped wasps from mid-July therefore could be related to 
temperature but equally may be attributed to fewer parasitoid species being 
active after July, leading to lower probability of trapping, especially saproxylic 
species. To date a relationship between season and wasp activity has not 
been undertaken, but it may be possible from a review of existing literature. In 
addition, it is recognised that saproxylic parasitoid numbers will be lower than 
those of host species as noted by Stenbacka et al. (2010). 
 
In Great Britain the subfamily Blacinae comprises mainly of Blacus species. 
Information on host species is scattered but reared examples suggest many 
are solitary koinobiont endoparasitoids of coleopteran larvae such as anobids, 
scolytids, cerambycids, curculionids and melyrids (Haeselbarth, 1973; Tobias, 
1986; Achterberg, 1988; Shaw & Huddleston, 1991). Associated with damp 
habitat they are common in wood and fen areas and the scattered rearing 
records point to hosts in decaying substrates (some species are noted 
parasitizing phytophagous Coleoptera) and supported in this study by a strong 
preference of these solitary wasps for S. hirsutum on natural beech, a 
ubiquitous pioneer fungi of many decaying hardwood species.  
Endoparasitoids are considered poor competitors compared with 
ectoparasitoids however, endoparasitoid eggs require less provisioning 
allowing gravid females more host searching time where use of host resource 
volatiles may improve competitiveness (Godfray, 1994).  The subfamily 
Banchinae comprised of individuals from the genus Lissonota that are 
koinobiont endoparasitoids of Lepidoptera, and preferred oak but least 
preferred treatment E. spinosa on natural or autoclaved beech (Goulet & 
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Huber, 1993). Eutypa spinosa is a slow primary coloniser of dead wood but 
also importantly has mild pathogenic abilities as a canker (Hendry et al., 
1993).  When presented singularly it is proposed that it may confer less 
attractiveness than when combined with an obligate decomposer. However, 
there is evidence for members of this genus associating with coleopteran 
hosts of decay fungi fruiting bodies of Fomitopsis pinicola, Fomes fomentarius 
and Piptoporus betulinus (Alexander, 2002; Šëvčik, 2003). Therefore, 
Stereum hirsutum a ubiquitous, competitive and known quiescent endophyte 
of hardwood decay is postulated establishing as lepidopteran larval galleries 
are excavated, providing a general volatile cue of living trees potentially 
harbouring moth larvae.  With respect to oak preference over beech, oak has 
greater longevity and with increased age often limbs and other areas of decay 
are present.  
 
Subfamily Proctotrupinae are solitary endoparasitoids of Coleoptera including 
elaterids and to a lesser extent Diptera including Mycetophilidae of soil litter 
and rotting wood habitats (Goulet & Huber, 1993; Barnard, 2011). The 31 
individuals trapped showed a strong preference for dual fungal treatment on 
natural beech demonstrating the first record of volatile attraction to the decay 
habitat. In contrast Orthocentrinae 41 individuals least preferred S. hirsutum 
and E. spinosa single treatments on natural beech with zero counts. All other 
treatments including control had representatives suggesting that other fungal 
or wood species provide the general volatile cues. 
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The only identified abundant parasitoid wasp species was Spilomicrus 
hemipterus (Diapriidae) that strongly preferred treatment S. hirsutum and E. 
spinosa on natural beech. David Notton (pers. comm.) noted this as a 
common British endoparasitoid species of mainly Diptera pupa and to a lesser 
extent coleopteran puparium. Munk (1991), reared S. hemipterus from 
Heleomyzidae, Tephrochlamys tarsalis pupariums found on a compost heap, 
while Buxton (1960) found T. tarsalis larvae feeding on fungi of Clavariceae, 
Agaricaceae, Polyporaceae and Gasteromycetes. Hoffmeister (1991) reared 
the wasp from soil pupa of tephritid fruit flies, Anomoia purmunda, Rhagoletis 
cerasi, Rhagoletis berberidis and Myoleja lucida.  These examples highlight 
fungi and decay vegetation as probable general odour cues for S. hemipterus. 
This result is new to science and suggests wood/fungal volatiles may possess 
chemical components similar to host habitat cues or new hosts within the 
wood decay environment. The subfamily Belytinae (Diapriidae) have few 
reliable host records but Goulet & Huber (1993) and Nixon (1957) believe they 
are restricted to Diptera, particularly Mycetophilidae and Sciaridae. The 126 
individuals trapped preferred S. hirsutum on natural beech. Jakovlev (2011) 
investigated Sciaroidea (Diptera) and found 110 species associated with dead 
wood and fungal habitat. It is not surprising then that this subfamily was found 
trapped and their preference may relate to imaginal volatile memory of 
environment (, 1917) supported further by Jakovlev noting association of 
fungus gnat species with sixty one Basidiomycete and six Ascomycete wood 
fungi. 
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3.4.3 Conclusion 
 
Although only three fungal and two tree species were tested, Stereum 
hirsutum on natural beech singly or in combination appeared the most 
preferred choice, as shown by six beetle species and four parasitoid wasp 
subfamilies/species. A ubiquitous hardwood fungus, it is perhaps not 
surprising that it proved attractive when compared with S. gausapatum and E. 
spinosa, known tree specific fungi. In the early stage dead wood/ decay 
fungus environment, this study has shown the first evidence of volatile 
attraction for M. buprestoides (Eucnemidae), H. imperialis (Anobiidae), A. 
frontalis (Scraptiidae), T. carinifrons (Throscidae), Spilomicrus hemipterus 
(Diapriidae) together with the subfamilies Banchinae, Blacinae and 
Proctotrupinae. It also highlights the lack of information on these and many 
species trapped over the twenty-week period but, the results are encouraging 
and with the addition of different tree and fungal species the attractants for 
early decay wood insects in general, can be explored with reference to the 
xylophagous food web and conservation. Despite traps placed 4 m apart, 
Figures 3.3 and 3.4 illustrate autoclaved treatment catches of wood 
associated insects and lends support to the random landing hypothesis, 
(1917) imaginal memory of natal habitat gustatory and olfactory (Villagra et 
al., 2007).  Alternatively, fungal enzymatic pathways may have altered due to 
substrate manipulation, providing a different volatile profile. This study 
accepts hypothesis one that xylophagous beetles and their parasitoid wasps 
are attracted to early decay stage natural wood / fungal combinations and 
rejects hypothesis two, that through manipulation proposed fungal volatiles 
are the main volatile attractant.  
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The efficacy of autoclaved wood promoting fungal volatiles only, has proved 
more difficult to demonstrate. Only the non-saproxylic beetle Agriotes 
pallidulus (Elateridae) displayed a preference for autoclaved treatments. 
Importantly, it illustrates that manipulation can bring unexpected results 
through changes in the volatile “soup” and ratios (Bruce, 2005). Greater 
understanding will require GC-MS analysis. 
 
The newly designed traps and choice of insecticide appeared to be effective 
for studies promoting olfactory responses without natural visual cues but 
limited studies have shown a mix of repellent and neutral effects by lambda 
cyhalothrin on insect taxa foraging behaviour. The low abundance of 
cerambycids though was disappointing but, highlights either other sensory 
systems are required together with olfaction, random landing prevented 
further beetle investigation, different fungal species have more effective cues 
or repellent pesticide odours or traps.  To take this study forward, wood/fungal 
treatments in context will help determine the role of white rot endophytic 
decay fungi and visual stimuli for successful oviposition, especially for the 
poorly represented Cerambycidae in the early wood decay stage. This can be 
achieved by identifying pioneer xylophagous larvae within fungal treatment 
logs against different criteria. 
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CHAPTER 4 
 
 
ATTRACTION OF PIONEER SAPRO-
XYLOPHAGOUS BEETLES, 
ESPECIALLY CERAMBYCIDAE, TO 
FUNGAL INOCULATED BEECH LOGS 
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Abstract 
To date the majority of studies use fungi as a co-variable alongside dead 
wood position, size, age and stand type, for example. With only adult beetles 
collected they are unable to conclusively state whether fungi play a pivotal 
role in oviposition choice of pioneer xylophagous beetles of early dead wood. 
This study investigated whether fresh dead wood or combined wood with 
white rot endophytic fungi influenced oviposition choice. Following field 
exposure (May to October 2010) of sixty fresh beech logs (1m x 15-21cm) 
with 20 dowels apiece of Stereum hirustum or S. hirsutum and Eutypa 
spinosa (10 each) or autoclaved dowels for control (hammered in a measured 
repeated diamond pattern along log length) they were removed for dissection. 
Data was collected on larval distance from fungal plug, larval species and log 
and ambient abiotic conditions.  
 
Two cerambycid species Rutpela maculata (46) and Phymatodes testaceus 
(71) showed oviposition preferences. R. maculata (RM) showed a preference 
for S. hirsutum logs (P < 0.0001), ovipositing 0 – 10 mm from S. hirsutum 
(SH) plugs (P < 0.05) in end sections (P < 0.0001) with sun significant in dual 
fungal treatment (P  < 0.05).  Phymatodes testaceus (PT) preferred S. 
hirsutum (SH) treatment logs (P  < 0.001) and plugs, ovipositing 1 - 2cm from 
plug (P  < 0.05) in sun site end sections (P < 0.0001). Log wood density and 
moisture content did not affect oviposition choice but whole log and section 
moisture content in sun sites was higher compared to shade site logs (end P 
< 0.001; mid P < 0.001). All results are discussed herein. 
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4.1 Introduction 
A plethora of organic volatiles from many sources such as leaves, wood and 
grass etc. are present within the habitat (Montgomery & Wargo, 1983; 
Sweeney et al., 2007; Casado et al., 2008; Francardi et al., 2009; Kigathi et 
al., 2009). According to Dethier et al. (1960), from this array, non-directional 
arrestant volatiles indicate to insects, via olfaction, suitable areas for resource 
foraging with the (1917) hypothesis advocating imaginal memory of olfactory 
and gustatory natal experience.  In Chapter 3, four xylophagous beetle 
species showed a treatment preference (Stereum hirsutum on natural beech) 
while others such as pioneer xylophagous Cerambycidae were poorly 
represented. It suggests non-directional arrestant volatiles and random-
landing behaviour may well account for cerambycids low abundance, 
especially as the study site was well provisioned with dead wood. This is 
supported by Saint Germain et al. (2007, 2009) who found the majority of 
xylophagous beetle landing patterns on various hardwood trees to be random, 
while volatiles induced non-random landing behaviour in coniferophagous 
species. It further suggests foraging gravid cerambycid females may combine 
olfaction with another sensory stimuli such as visual input. Optical qualities, 
such as spectra reflectance, have been suggested as an additional cue for 
saproxylic / xylophagous beetles alighting on a host. Living tree stems, 
branches and leaves contain photosynthetic components that absorb and 
reflect light. As branches and stems grow the bark reflectance of irradiation 
decreases as more uneven surface features develop (Pilarski et al, 2005, 
Tokarz & Pilarski, 2008). External and internal reflectance from cellular 
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structures could therefore alter as degradation occurs. Campbell and Borden 
(2006, 2008) concur demonstrating discrimination between host (black) and 
non-host (white) un-baited traps and attraction to baited white opposed to un-
baited black for the bark beetle Dendroctonus ponderosae. Thus it is likely 
that vision and olfaction are both used in host foraging behaviour. In addition, 
the blowfly Calliphora vicina was shown to prefer odour lures presented with 
vertical background colour as opposed to horizontal (Aak & Knudsen, 2011) 
and suggests dead wood position may influence further host investigation. 
 
Jaenike (1978) proposed the oviposition preference-offspring performance (or 
Mother knows best) hypothesis, where phytophagous adults select host plants 
that will maximize performance of their young, which lack the means to 
relocate to another source. This hypothesis can easily transfer to pioneer 
xylophagous saproxylic beetles in which larvae utilize the resource but are 
unable to relocate until adults. Host selection pressure on cerambycid 
females, especially in the ephemeral early decay stage, requires rapid 
detection and assessment of host quality and in general, avoidance of 
conspecific competitors for increased larval survivorship (Hanks et al., 1993). 
Nutrient availability of recent dead wood highlights why larval development is 
often more than a year, for example Corymbia rubra has an assimilation 
efficiency of just 34% from ingested material on growth. To assist woody 
substrate breakdown coleopteran larvae utilize enzymes and gut microbiota. 
The microcrystalline nature of cellulose and its breakdown by the following 
cerambycids Bellamira scalaris (Lepturinae), Graphisurus fasciatus 
(Lamiinae), Orthosoma brunneum (Prioninae) and Pandera brunnea 
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(Parandriniae) was only possible when maintained on a diet of combined 
wood with fungus compared to fungal free wood (Kukor et al.,1988). Grünwald 
et al. (2010) also found other cerambycids ingesting fungal mycelium and it 
suggests that wood-fungal volatiles impart important larval nutritional quality 
to the ovipositing female as opposed to wood or fungus individually. 
 
Factors such as wood diameter, density and moisture content (Alban et al., 
1993; Hanks et al., 2005; Saint-Germain et al., 2007) all influence oviposition 
choice and Bruce et al. (2005) advocate chemical volatile ratios as important 
cues for insect host recognition. An additional factor is suggested of natal 
larval host volatile memory impelling adults to seek the same host for their 
offspring (Morewood et al., 2003; Yasui et al., 2011), and may have impeded 
expected cerambycid attraction discussed in Chapter 3 of known beech or 
oak host species but, which discriminate against the chosen fungal species. 
 
To understand and expand on volatile results from Chapter 3 whole beech 
logs inoculated with the preferred Stereum hirsutum singly and paired with 
Eutypa spinosa, were exposed in field experiments. Oviposition choice and 
fungal role in pioneer xylophagous beetles, especially cerambycids, was 
determined via larval extraction and will define any association of decay fungi 
to gravid females. In addition, by comparing Chapter 3 species results with 
this study, a visual component may be highlighted as a required co-stimulus 
to olfaction in Cerambycidae. 
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Objectives: 
 
 To assess the role endophytic fungi play in oviposition choice of 
pioneer xylophagous beetles and by inference parasitic wasps, 
via dissection of fresh field placed logs containing fungal plugs 
and control logs (fungi free). 
 
 To assess the role sun/shade, wood moisture and density play 
in oviposition choice of field placed logs. 
 
 To maintain log dissected xylophagous larvae for identification 
of any emerging parasitic wasps. 
 
Hypotheses: 
 
1. Endophytic fungi within recent dead logs influence oviposition choice in 
pioneer xylophagous coleopterans. 
 
2. Visual stimuli and volatiles are both required by pioneer xylophagous 
beetles for resource location. 
 
3. Abiotic factors influence oviposition choice in pioneer xylophagous 
beetles. 
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4.2  Methods 
 
4.2.1 Study site 
 
The study site was the same as Chapter 3, High Standing Hill, Windsor, 
Berkshire, UK. For this experiment however, two full-sun and two full-shade 
sites were chosen to test insolation effect on pioneer xylophagous beetle 
oviposition choice. 
 
4. 2. 2 Beech logs 
 
Xylophagous beetles that showed a treatment preference in Chapter 3, 
preferred beech treatments over oak treatments. Therefore beech logs were 
used in this experiment. All logs were taken from the same winter felling 
operation (2010) of healthy beech trees (Fagus sylvatica) at HSH, Windsor, 
and cut to 1metre lengths. Consulting Kappes & Topp (2003), log diameter 
150 to 210 mm were chosen with the majority measuring 200 mm.  
 
4. 2. 3 Fungi and beech 
 
In Chapter 3, Stereum hirsutum on natural beech was revealed as the 
preferred volatile choice of trapped xylophagous beetles and their parasitoid 
wasps followed by pairing with Eutypa spinosa. This experiment investigates 
those preferences in whole logs.  
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4. 2. 4 Fungal and dowel preparation 
 
Fungal sub-culturing methods and incubation times before and after wood 
addition are as in Chapter 3 section 3. 2. 2, except 10 mm x 20 mm 
autoclaved beech dowels (15 minutes at 121oC) were used in place of wood 
blocks (Gramss, 1992, Woods et al., 2006; Baumgart, 2009). The time frame 
coincided with Chapter 3 for consistency. 
 
4. 2. 5 Log preparation 
 
The three log treatments Stereum Hirsutum (A), Stereum hirsutum and 
Eutypa spinosa (B) (ten dowels of each in alternating pattern, Figure 4.3) and 
controls (C) (autoclaved fungal free dowels) comprising twenty dowels per 
log, gently hammered into pre-drilled 12 mm diameter holes forming a 
measured diamond pattern with only the log underside devoid of dowels 
(Figures 4.1). In total, 60 logs were placed in the field from May 2010 to 
September 2010 with each log balanced on two large black plastic pots to 
prevent soil fauna and fungal interference and placed three metres apart. 
Each sun and shade site had five logs of each treatment arranged in a 
stratified plan with sun logs oriented east-west for maximum insolation (Figure 
4.2 and 4.3). 
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Figure 4.1 Beech log with fungal dowels (Hart, 2010). 
 
Figure 4.2. Shade site (Hart, 2010) 
 138 
 
Figure 4.3 Sun site with east-west angled logs (Hart, 2010) 
 
 
4. 2. 6 Log dissection 
 
Each log was examined individually and carefully divided, to avoid destroying 
larvae, into ca. 4 cm wide slices, by chainsaw, noting the position of the slice 
with reference to end or middle section of logs. The mid-section measured 
500 mm in length with remaining 250 mm either side end sections. Bark was 
carefully removed and revealed larvae, whether from borings or inner bark 
/cambial layer, were removed for identification and where possible, returned 
to develop. Continuing development may identify larvae that harbour 
parasitoid wasps for identification. Those that could not be returned were 
stored in 80 % ethanol. A data-frame was constructed for each species 
recovered measuring larval distance from fungal plug (mm), fungal plug 
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species, end or mid wood section, boring or under bark, density of wood from 
larval area (g/cm3), moisture content of larval area (%), whether sun or shade 
site and treatment. In addition the data frame included whole log density and 
moisture content, section density and moisture content. 
 
 
4. 2. 7 Wood density and moisture content 
 
From the cambial surface to the sapwood layer twenty random samples of 
wood measuring ca. 10 mm x 10 mm x 20 mm (depth) from each mid and end 
section was removed for fresh wood density (40 per log). A further twenty 
random samples of wood abutting the fungal plugs (excluding plug), were 
removed as above but not restricted to section (per log), for fresh wood/fungal 
effect density measurements (ten from each fungal plug in combined 
treatment). In addition, larval tunnel wood was removed for density 
measurement. Figure 4.4 illustrates the equation used for fresh density (ρ) 
calculation. 
 = M/V 
Figure 4.4 Equation for wood density 
 
Mass (M) was obtained from an electronic balance (g) and volume (V) (cm3) 
by water displacement in a calibrated glass measuring beaker (Acuna & 
Murphy, 2006; Saint-Germain et al., 2009; Paletto & Tosi, 2010). 
 
Moisture content is defined as the weight of water within the fresh wood and 
expressed as a percentage (%) of oven dried samples (Paletto & Tosi, 2010). 
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Following fresh density measurement the wood samples were heated on wire 
trays in an oven set at 105
o
C. Every hour a repeated mass measurement was 
taken of a chosen sample until two consecutive mass measurements were 
unaltered and therefore considered oven dried (Forestry Commission, UK). 
Drying took five hours and on completion labeled samples were placed in pre-
weighed sealed and dried plastic containers. Figure 4.5 illustrates the 
equation for % moisture content where Mg is fresh or green mass and Mod is 
oven-dried mass of wood. 
 
Moisture content (Siau, 1984) =   Mg   -     Mod      x 100 
                                   Mod 
 
 
Figure 4.5 Equation for wood moisture content 
 
 
 
4. 2. 8 Larval identification 
 
Larval identification of Cerambycidae was via taxonomic guides (Svacha, 
1987, 1988) and personal communication with Dr. P Svacha.  Remaining 
larval identification (Cho & Cutkomp, 1992) was corroborated or identified by 
by Dr. K Alexander. 
 
4. 2. 9 Statistical analysis 
 
The R statistical package (Urbanek & Iacus, 2008; R version 2.6.2 Mac OS X 
Cocoa GUI) was used. A Generalised Linear Model (GLM or glm), for 
response variable counts, overcame problems of non-normal error distribution 
and/or non-constant variance using the log link function, bounding counts (no 
–ve counts) and the family directive Poisson, for error structure where 
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variances equal mean. Where residual deviance was greater than residual 
degrees of freedom (over-dispersion), according to the dispersion parameter, 
the quasi-Poisson family directive was employed to reduce severely 
overestimating significance of model terms (Crawley, 2007).  
The categorical explanatory variables (Factors) included insolation with two 
levels, fungi two levels and section two levels. The most abundant Coleoptera 
species were modelled (separately) as a function of all (saturated) 
explanatory variables (first), then pairs with regard to interactions, followed by 
single terms. Significant interactions were further tested by minimal model, 
reducing levels of the categorical variable of interest.  Statistical analysis 
(following application of the glm) included z-test, t-test and Chi squared, of 
means depending on sample size. Analysis of variance (ANOVA) was used to 
test more than two means, with the more rigorous test F test chosen when 
quasipoisson errors applied. 
 
 
 
 
4.3 Results 
 
In total, 216 coleopteran larvae from five families were identified including 126 
cerambycid larvae from four species (Table 4.1). Unfortunately, the more 
numerous Staphylinidae larvae are notoriously difficult to identify to genera, 
especially those of the cryptic habitat. Identification of Salpingidae larvae also 
presents a similar problem with a paucity of taxonomic larval identification 
literature. 
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Table 4.1 Coleopteran larvae recovered from treatment logs. 
 
Larval ecology Family species     Count 
Xylophagous Cerambycidae Grammoptera ruficornis 4 
Xylophagous Cerambycidae Lamiinae sp. 5 
Xylophagous Cerambycidae Phymatodes testaceus 77 
Xylophagous Cerambycidae Rutpela maculata 46 
Predators Cucujidae Pediacus dermestoides 3 
Predator of longhorns Elateridae Stenagostus rhombeus 40 
Predator Salpingidae - 12 
Predator/mycetophagous Staphylinidae - 29 
 
 
 
Unfortunately, despite maintaining xylophagous coleopteran larvae no 
emerging parasitoid wasps were recovered and no inference for wood /fungal 
volatiles can be deduced from this study. 
 
 
 
Figure 4.6 Mean  (± S.E.M) whole log density and moisture content versus abutted density and moisture 
content for inoculated beech dowel area, including control dowels. SH – Stereum hirsutum, SH/ES – S. 
hirsutum / Eutypa spinosa. 
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Figure 4.7 Mean (± S.E.M) moisture content comparison between three treatments, at mid-end sections 
in sun and shade. 
 
 
Variation in nature is a natural phenomenon and was the case for density and 
moisture content measurement between logs. Therefore the mean, for both, in 
each treatment and situation was calculated. There was no significant 
difference for whole log or inoculated area densities and / or between sun and 
shade (Figure 4.6). Moisture contents in shade sites, however, showed a 
decrease between 30 and 60%, against comparable treatments in sun (Figure 
4.6). Further investigation of moisture revealed that fungal treatment logs end 
and mid-section moisture content was comparable (Figure 4.7), although 
when shade sites were compared with sun sites the moisture content of end 
and mid section had significantly decreased by ca. 50% (end: z 8,11 = - 5.238, 
P < 0.001; mid: z8,11 = - 4.537, P < 0.001). The control log mid-section 
moisture content decreased in shade but the end section varied little between 
sites. 
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4. 3. 1 Inoculate establishment in drilled holes 
 
The following Figures 4.8 and 4.9 demonstrate fungal mycelial spread from 
the inserted inoculated dowel to the immediate vicinity of beech log tissue. 
The successful establishment allowed for natural volatiles from wood / fungal 
interaction to circulate within the habitat.  Over the twenty-week study, 
following inoculation, the familiar crusts of Stereum hirsutum were noted.  
 
 
 
 
Figure 4. 8 Stereum hirsutum inoculated dowel removed from pre-drilled hole reveals successful contact 
with beech wood after twenty-weeks in the field (Hart, 2010). 
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Figure 4. 9 Illustrates typical S. hirsutum fruiting body radiating across external bark surface from 
inserted inoculated dowel, marked by blue outline (Hart, 2010). 
 
 
 
 
 
4. 3. 2 Cerambycidae larvae 
 
Two species had sufficient numbers to be analysed by a glm, Rutpela 
maculata and Phymatodes testaceus. Interactions and minimal model results 
where appropriate, are tabulated below in Tables 4.2 and 4.3 respectively. 
Treatment A – Stereum hirsutum, B – S.hirsutum and Eutypa spinosa and C –
control. 
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Rutpela maculata (Lepturinae): 
       
 
 
     
 
Figure 4. 10 Ruptela maculata, A is a dorsal view of head, B is front on anterior view of head, C is 
complete dorsal view and D is annotated ventral view (Hart, 2010).   
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Table 4. 2 Rutpela maculata statistical results (n = 46). 
 
Variable(s) Result Preference/findings 
 
Treatment logs t 227 = -5.12, P < 0.0001 Treatment A logs  
Distance from fungal plug t 84 = 3.36, P < 0.05 Plug to 10 mm 
Log mid or end sections t 227 = -4.99, P < 0.0001 End sections 
Sun/shade n.s None 
Treatment & section F1,9 = 3.07, P < 0.0001 Treatment A at end sections 
Log section density vs. larval tunnel density t 19 = 4.77, P < 0.0001 Density lower in larval tunnels 
Log moisture content vs. larval tunnel m.c F1,4 = 5.11, P < 0.0001 Higher m.c in larval tunnels 
Log section m.c vs. larval tunnel m.c F1,5 = 5.69, P < 0.0001 Higher m.c in larval tunnels in ends 
Sun/shade vs. fungal distance n.s None 
Treatment vs. sun/shade site F1,64 = 2.37, P  < 0.05 Treatment B in sun  
Sun/shade vs. log section n.s None 
m.c = moisture content, n.s = non-significant.  
 
 
Rutpela maculata (Figure 4.10) was only associated with Stereum hirsutum 
plugs and was absent from all control logs  
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Phymatodes testaceus (Cerambycinae): 
 
 
 
          
 
 
           
 
Figure 4.11 Phymatodes testaceus A is dorsal surface of ca. 10 mm, B illustrates mandibles and C 
shows boring on inner bark-vascular cambium-sapwood surface (Hart, 2010). 
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Table 4. 3 Phymatodes testaceus statistical results (n = 77) 
 
Variable(s) Result Preference/findings 
 
Treatment logs t 218 = -3.18, P  < 0.001 Treatment A logs  
Distance from fungal plug F1,47 = 3.83,  P  < 0.05 10 - 20 mm 
Log mid or end sections F1,217 = 5.81, P < 0.01 End section 
Sun/shade n.s None 
Treatment & section n.s None 
Log section density vs. larval tunnel density n.s None 
Log moisture content vs. larval tunnel m.c n.s None 
Log section m.c vs. larval tunnel m.c n.s None 
Sun/shade vs. fungal distance n.s None 
Treatment vs. sun/shade site n.s None 
Sun/shade vs. log section F1,216 =13.11, P < 0.0001 End section in sun 
 
m.c = moisture content and n.s = non-significant. 
 
 
Phymatodes testaceus were all associated with Stereum hirsutum and were 
not associated with E.spinosa however 10% were found in control logs.  
Although xylophagous and consuming woody material between inner bark 
and sapwood, the true definition of xylophagy refers to those that feed on 
heartwood. Nonetheless, this species, although not boring towards 
heartwood, does contribute to wood degradation via horizontal galleries 
(Figure 4. 11 C) and as a pioneer loosens bark allowing secondary fungi and 
invertebrate access. It has therefore been included in the analysis. 
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4. 3. 3 Predator of cerambycid larvae 
 
Stenagostus rhombeus (Elateridae) larvae (n = 40) (Figure 4.12) although not 
xylophagous are known predators of cerambycid larvae (Alexander, 2002) 
and warrant analysis (excluding density and moisture content). The forty 
removed individuals showed an interaction between section and plug distance 
with a preference for end sections and 10 mm from S. hirsutum plugs (F18 = 
4.13, P < 0.05). One log (treatment A) contained ten larvae of R. maculata 
and nine of P. testaceus and harboured 25% of S. rhombeus. Interestingly, 
while control logs were devoid of cerambycids one log concealed seven S. 
rhombaeus. Eutypa spinosa had no associated S. rhombeus larvae. 
    
A 
    
B 
Figure 4. 12  A, two early instar Stenagostus rhombeus (Hart, 2010) measuring 10 mm, and  B, adult 
(Storey, 2005). 
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4. 4 Discussion 
Some 60% of Coleoptera larvae extracted belonged to the Cerambycidae and 
species Rutpela maculata, Phymatodes testaceus, Grammoptera ruficornis 
and an unknown Lamiinae. The remaining 40% comprised coleopteran 
predators with 19% represented by Stenagostus rhombeus (Elateridae). 
When comparing sun and shade whole logs the most noticeable difference 
was found in the mean moisture content where a significant decrease was 
noted in shade site logs (Figure 4. 6). This was documented in log sections 
and the abutted area of fungal plugs (Figures 4. 6 and 4. 7). A field 
investigation of artificial canopy-covered logs (early decay stage three to six 
years) corroborates these findings with lower moisture content compared with 
un-sheltered logs (Barkers, 2007). Signifying the important role water plays in 
the early stage decay Hanks et al’s. (2005) study on Phoracantha 
semipunctata (Cerambycidae) noted newly felled log bark moisture of 60% 
inhibited colonization but, one to two weeks post-felling the moisture content 
had dropped to 54% and 39%, respectively, increasing neonate survival. In 
contrast, the Ambrosia beetle Platypus quercivorus (Platypodidae), which 
attacks, in particular, living trees of Fagaceae and oaks, high water content 
was preferential for their larval survival and is postulated that lower water 
contents prevent their symbiotic fungi (Raffaelea quercivora) from propagating 
(Kobayashi et al., 2004). Rayner & Boddy (1988) indicate however, that 
higher moisture content can induce anaerobic respiration detrimental to 
terrestrial decay fungal growth. The abutted area of inoculated fungal plugs, 
including controls plugs, in the present study, had circa 50% higher moisture 
content in sun sites compared to fungal plug area moisture in the shade sites. 
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Results suggest fungal metabolism increased the moisture but controls also 
exhibited the same phenomenon. Therefore, it is postulated that alongside 
fungal metabolism, rain may also have contributed to controls moisture 
content, entering via small gaps surrounding the inserted plugs and been 
absorbed by adjacent wood fibres, which canopy cover may reduce. Despite 
this, the fungal inoculum was not in decline and had produced mycelium 
(Figure 4. 8 and 4. 9). Baum et al. (2003) demonstrated that eight weeks post 
felling fungal decay isolate numbers increased in beech trees, however, the 
competitive nature of introduced S. hirsutum, its high moisture content 
tolerance and dowel insertion pattern may well have inhibited or eliminated 
harboured quiescent endophytic fungi, thus promoting wood and S. hirsutum 
volatiles (Chapela, 1989; Pearce, 1996; Hendry et al., 2002; Baum et al., 
2003; Heilmann-Clausen & Boddy, 2005; Alfredsen et al., 2008). The status of 
the beech logs, study duration and inability of larvae to relocate meant 
oviposition preference could be analysed. 
  
The common and widespread (except north) diurnal Rutpela maculata (Poda, 
1761) (Lepturinae) adults are black and yellow  (Figure 2. 1 d) with a body 
length of 15 to 20 mm.  Adults feed on pollen and nectar from the family 
Apiaceae (umbellifers) while their larvae (Figure 4.10) are polyphagous 
xylophages of a variety of dead deciduous and coniferous species associated 
with white rot, in particular birch (Betula sp.) (Alexander, 2002). Following two 
to three years larval development imagoes emerge for two to four weeks, 
before death; as early as mid-May to August but most commonly between 
June and July. The study results for R. maculata show a positive attraction to 
beech with S. hirsutum where larvae (41) were located within the S.hirsutum 
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plug or radius of 10 mm. This study is the first to link R. maculata to a specific 
white rot fungal species. Further, evidence in support of wood-fungal olfactory 
attraction is provided by an absence of larvae in control logs. There were no 
larvae found in or near E. spinosa.  
 
Overall, sun and shade site logs were chosen equally, however, log end- 
sections were preferred over mid-sections for oviposition. End-sections 
moisture percentage contents were comparable to mid sections (Figure 4.7) in 
this early stage of decay (five months), with an overall reduction in shade 
sites. Both Paletto & Tosi (2010) and Hanks et al. (2005) have shown beech 
moisture content declines between stages one and two by 20% in logs and a 
matter of weeks for bark. Therefore with a larval development time of two to 
three years and decay stage one lasting on average 3.6 years, depending on 
environmental and habitat conditions, ingress of atmospheric gaseous 
conditions and ambient moisture at the cut ends is more probable than in 
retained bark covered mid sections (Yin, 1999; Kuuluvainen et al., 2001; 
Mackenesen, 2003; Müller-Using & Bartsch, 2009). Further more, Lopez-Real 
& Swift (1975) showed higher moisture content benefits S. hirsutum 
expansion in beech and R. maculata preferring damp rotting wood (Duff, 
2007). It therefore suggests more than a casual link between R. maculata and 
S. hirsutum with positive gravid female behaviour seeking out microhabitat 
sites open to ambient conditions beneficial to S. hirsutum and increasing 
larval survival, via olfactory and visual cues (Chapela, 1989; Pearce, 1996; 
Hendry et al., 2002; Baum et al., 2003; Alfredsen et al., 2008). In this 
nutritionally challenging environment xylophagous beetle larvae utilize 
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enzymes and gut microbiota for nutrient extraction (Kukor et al., 1988; Geib et 
al., 2009). It is therefore postulated that R. maculata larvae ingest S. hirsutum 
and once in the mid-gut mycelium release hydrolytic enzymes assisting 
cellulose breakdown. This is supported by Kukor et al. (1988) whose findings 
on cerambycids Bellamira scalaris (Cerambycidae: Lepturinae), Graphisurus 
fasciatus (Cerambycidae: Lamiinae), Orthosoma brunneum (Cerambycidae: 
Prioninae) and Pandera brunnea (Cerambycidae: Parandriniae) noted on a 
wood-fungal diet aided cellulose breakdown from mid-gut cellulocytic activity 
but was impaired in fungal free wood. Cerambycids are also known to 
possess mycetomes, for example Rhagium inquisitor (Cerambycidae) 
harbours the ascomycete Candida rhagii and the enzyme laminarinase that, 
along with chitinase (Bruce et al., 1995), can breakdown fungal cell walls, 
thereby extracting nutrients.  
 
Interestingly, although we noted equal use of sun and shade sites an 
interaction was found between dual fungal treatment (B) and sun sites. This 
suggests a connection between numbers of log fungal species and insolation.  
Hendry et al. (2002) noted a temperature increase favoured certain decay 
fungi and Lopez-Real & Swift (1975) revealed S. hirsutum tolerate high 
moisture content, therefore it suggests that the females favoured sun sites 
where S.hirsutum would be highly competitive.  A competitive pioneer fungi 
S.hirsutum has been shown to reduce extension rate, delay growth or totally 
inhibit other decay fungi, advocating the release of secondary defensive 
metabolites (Heilmann-Clausen & Boddy, 2005).  Therefore, female R. 
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maculata have chosen to oviposit in a competitive fungus that maybe active 
for part or all of the larva’s two to three year development.  
 
Unsurprisingly R. maculata larval tunnel moisture percentage content was 
higher and density lower compared with surrounding non-inhabited wood 
most likely caused by larval and fungal metabolism and respiration (Barker, 
2007; Solár et al., 2007).  In Chapter 3 it was suggested that lambda 
cyhalothrin and / or the clear plastic traps and white muslin might have 
repellent qualities. Interestingly, the visual and olfactory differences between 
adult R. maculata flower resources and oviposition sites suggests vision may 
play an important role alongside olfaction. Choosing sun over shade in the 
dual fungal treatment highlights the possibility of at least light and dark 
perception. In addition, spectral reflectance properties of beech decayed by 
brown rot, Coniophora puteana, displayed reduced absorption of light 
between 15 to 30 days post-fungal inoculation and then a decrease in light 
reflectance at 60 days, in particular the range 360 to 760 nm (Solár et al., 
2007). This spectral range covers violet, blue, green, yellow and red. 
Uninfected living beech wood results indicate little change in optical qualities 
both internally and externally for wavelength range 400 to 700 nm and 700 to 
1100 nm (Pilarski et al., 2008). This shows that vision may play a role as well 
as volatiles in determining suitable substrates to xylophagous beetles Other 
insect taxa have shown wavelength ranges according to resource and gender, 
for example, the Colorado beetle Leptinotarsa decemlineata exhibited positive 
phototactic orientation to yellow (585 nm) and green (570 nm), noted in 
vegetation, with females also responsive to blue (472 nm) and UV (351 nm) 
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and males to white (420-775 nm) (including the yellow and green spectra) 
(Otalora-Luna & Dickens, 2011).  
  
Interestingly, the sparse research in volatile organic compound profiles from 
wood-decay fungal interactions notes a variation of chemical quantities (ng/l) 
emitted by different wood/decay fungal combinations, for example, on 
irradiated aspen, brown rot fungi Coniophora puteana (CP), Poria placenta 
(PP) or Serpula lacrymans (SP) produced formaldehyde measured at 22 CP, 
25 PP and 247 ng/l SP; decanal 17 CP, 4 PP and undetected in SP; butanone 
14 CP, 105 PP and 29 SP (Korpi et al., 1999). Stereum hirsutum and R. 
maculata are known to decay/ oviposit respectively in a variety of hardwood 
trees (Buzkowski,) and it is suggested that either the wood-fungal volatiles are 
the primary attractant enabling R. maculata females to use many ephemeral 
early decay tree species or alternatively R. maculata uses combined wood-
fungal volatiles and operates under Hopkins’ host principle (1917) with 
respect to imaginal host memory (Barron, 2001). Importantly, S. hirsutum may 
produce varied ratios or concentrations of chemicals (Bruce et al., 2005) 
depending on wood species association that fall within a predetermined 
olfactory range for R. maculata allowing oviposition in a variety of deciduous 
trees. Rodriguez et al. (2010) supports this theory where a predefined range 
of volatile chemicals rather than an absolute ratio is indicated by glomerular 
(antennal lobe) calcium activation imaging. For example, Cydia molesta 
(Lepidoptera) females still have a behavioural response to benzonitrile at 100 
times the concentration (Rodriguez et al., 2010), therefore, R. maculata may 
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have a predefined range of olfaction volatile chemicals affording use of many 
tree species and / or other white rot fungi. 
 
Phymatodes testaceus (Linnaeus, 1758) (Cerambycinae) known as the 
tanbark borer or oak longhorn is a widespread nocturnal cerambycid of 
ancient woodland and wood pasture (Alexander, 2002; Duff, 2007). Adults 
have variable colouration from reddish brown through to blue black with 8 to 
13 mm body length. The larvae are polyphagous developing in dead 
branches, boles or cut logs of deciduous and coniferous trees but, 
preferentially in oaks (Quercus) (Alexander, 2002; Vodka et al., 2009). 
Development time ranges from one to three years pupating in spring and 
adults feed on sugary residues (Duff, 2007). The definition of xylophagy refers 
to those taxa that feed on heartwood (Alexander, 2002) whereas P. testaceus 
larvae feed on inner bark, phloem or cambium, forming galleries filled with 
frass and pupating in sap-wood (Alexander, 2002). Nonetheless, this species, 
although not boring vertically towards heartwood, does contribute to wood 
degradation through horizontal galleries (Figure 4.11 C) and as a pioneer 
loosens bark allowing secondary fungal and invertebrate access.  
 
In the present study S. hirsutum (A) has been shown attractive to P. testaceus 
ovipositing females with larvae located 10 to 20 mm from plug, in end 
sections, particularly sun. No association was found for E. spinosa, but 10% 
of larvae were located in control logs, and suggests that either establishment 
of endophytic fungal isolates had occurred in a few control logs or the plug 
site allowed under bark access, facilitating ovipositing; however E. spinosa 
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was never used. Vodka et al. (2009) found the highest numbers of emerged 
P. testaceus imagoes from fresh oak baits in sun or shade exposed canopy, 
so despite their nocturnal nature it is suggestive that visual cues e.g. light – 
dark are integrated with olfaction during gravid female foraging. Further, Duff 
(2007) states P. testaceus are readily attracted to artificial light sources. 
Vodka et al. (2009) however, make no mention of decay fungal isolates in the 
fresh oak baits, but interestingly, when compared with the present study 
imagoes were absent from understory baits. Despite a different host wood, 
Vodka et al. (2009) used the same timeframe to this study and the results 
imply that decay fungi and wood species could be more influential on 
positional use than previously thought in polyphagous early colonising 
species. In addition, Barron’s (2001) review on HHSP now advocating 
imaginal memory of olfactory and gustatory natal experience could be acting 
on gravid females, supported by a different species stand compliment 
compared with Vodka et al. (2009)  
 
 
Nutrient concentrations of dead wood vary between hardwood or softwood 
tree species and decay stages. Both soft and hardwood decay classes 1 and 
2 (fresh to slight rot) have much lower nutrient availability 2 to 4 fold, 
compared with more advance stages, 3 and 4 (well rotted to friable). The 
relationship between fungi and P. testaceus larvae is less clear than that of R 
.maculata and S. hirsutum, but is proposed that fungal hyphae under the inner 
bark facilitate the release of phloem and cambial cell nutrients adding to larval 
nutrition. The use of end sections is comparable to R. maculata where it is 
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postulated to provide abiotic conditions favourable to S. hirsutum growth, 
however dual fungal inoculation did not produce the same response in P. 
testaceus and suggests the possibility that larvae use other fungal species or 
have a more flexible association. Nonetheless, the larvae were closely 
associated with S. hirsutum, implying some fitness benefit from the fungi, 
such as ingesting liberated cell nutrients. The assimilation efficiency of termite 
species such as Calotermes flavicollis on beech is 59% and Reticulitermes 
lucifugus (multi tree species) is 86 to 93% and shows how gut micro-
organisms can increase nutrient up-take (Wood, 1978). Whereas, the low 
assimilation efficiency of related species Phymatodes maaki, full-grown larvae 
was 35% (dry weight) (Ikeda, 1979) and Corymbia rubra (Cerambycidae), 
feeding on xylem cellulose in dead pine was 34% (Walczyńska, 2007) and 
seems reasonable to suggest fungal benefits for P. testaceus.. The 
association of larval tunnels meandering progress with respect to fungal plugs 
was also difficult to interpret, with some but not all heading back towards S. 
hirsutum. On dissection, fungal hyphae were noted in fungal treated logs 
under bark, but assessing origin was difficult on deconstruction and requires 
further investigation. 
 
The absence of P. testaceus from beech and preferred oak fungal baited 
traps with S. hirsutum in Chapter 3, and evidenced by 71 larvae removed from 
whole beech treatment (A, B, C) logs, indicates that olfaction and vision 
(Vodka et al., 2009) are important in host foraging and supported by possible 
repellent nature of lambda cyhalothrin, clear plastic traps and white muslin. In 
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addition, the treatment logs may have served a dual purpose for females, as a 
food source of sugary secretions from the cut end and ovipositing host.  
 
 
Included in the analysis was the saproxylic click beetle larvae Stenagostus 
rhombeus (Elateridae) whose larvae predate on cerambycid larvae. Common 
and widespread in southern and central mainland UK they are found in 
particular in old woodlands. Short-lived and strong flying adults are 
crepuscular or nocturnal and generally 14 to 21 mm long with orange / brown 
colouration (Alexander, 2007). Dethier et al. (1960) proposed that from the 
plethora of organic volatiles non-directional arrestant odours indicate to 
insects, via olfaction, suitable areas for resource foraging and as short-lived 
strong flying adults this theory seems probable for increasing their fitness. 
Larval development is at least two years under loose bark or within wood 
layers, pupating in rotten heartwood or cerambycid tunnels in spring 
(Alexander, 2007). In contrast to P. testaceus Müller et al. (2008) showed a 
positive influence of dead wood volume on elaterid numbers and it suggests 
that larger volumes may increase the chance of locating cerambycid larval 
prey for their offspring.  In the present study, while control logs did not harbour 
cerambycids or observed fungi, one log concealed seven S. rhombeus larvae 
in association with Clusiidae (Diptera ) and Cecidomyiidae Miastor sp. 
(Diptera) larvae, implying they may predate on other orders. Arguably the 
most important and only statistical result for S. rhombeus showed an 
interaction between log section and plug distance, with end and 10 mm from 
S. hirsutum plugs preferred and complimenting their prey species results 
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therein. One S. hirsutum log contained ten R.maculata and nine P. testaceus 
larvae and also harboured 25% of S. rhombeus. As a nocturnal species it is 
more difficult to propose a visual component for S. rhombeus but they known 
to be attracted to light sources.  Quicke (1997) stated that parasitoid wasp 
hosts e.g. cerambycid, emit little to no odour, limiting their detectability. 
Therefore, under the same premise it is postulated that S. rhombeus has 
evolved to detect habitat odour cues associated with its cerambycid prey. The 
close association between predator and prey experimental results strengthens 
the hypothesis of dead wood-fungal volatile attraction by all three species and 
the importance of the ubiquitous fungi Stereum hirsutum 
 
4.4.1 Conclusion 
 
The status of the beech logs, study duration and inability of larvae to relocate 
meant oviposition site preference could be ascertained. The results indicate 
that cerambycids R. maculata, P. testaceus and the cerambycid larval 
predator S. rhombeus, exhibit a strong preference for S. hirsutum in end 
sections of freshly cut beech logs. The close association between Rutpela 
maculata and S. hirsutum advocates a fungal involvement in larval nutritional 
uptake. Highly competitive, S. hirsutum can tolerate and thrive in high 
moisture conditions and choice of end sections by the two-cerambycid 
species may benefit larval survival; where a higher probability of water and 
atmospheric gaseous conditions over associated time may be expected. A 
large proportion of xylophagous beetles exhibit random landing behaviour 
arrested by non-directional habitat cues, followed by area searching. Olfaction 
is proposed as the primary cue in oviposition choice for the two-cerambycid 
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species, supported by larval absence in control logs and differentiation of 
fungus in dual treatments. It is postulated that S. hirsutum may produce varied 
ratios or concentrations of chemicals (Bruce et al., 2005) depending on wood 
species association that fall within a predetermined olfactory range for R. 
maculata and P. testaceus allowing oviposition in a variety of deciduous trees. 
Cryptic species are postulated to emit little to no odour and it is proposed that 
S. rhombeus has evolved to detect habitat odour cues associated with its 
cerambycid prey. The results strongly suggest that wood-endophytic fungal 
volatiles influence pioneer xylophagous beetles and hypothesis one is 
accepted.  The preferential use of end sections and dual fungal treatments in 
sun sites suggests vision may contribute but hypothesis two at this stage can 
neither be accepted nor rejected. Abiotic conditions influenced gravid females 
with respect to S. hirsutum, choosing end sections and sun appears to benefit 
fungal growth and by their association larval survival, therefore, hypothesis 
three is accepted. 
On reflection, although logs were raised above ground level to reduce soil 
fungal interference, a subset from each treatment/ site placed on the ground 
would have been benefical as a mimic for more natural conditions, to compare 
and contrast. 
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CHAPTER FIVE 
 
BEECH (FAGUS SYLVATICA) AND 
STEREUM HIRSUTUM 
(BASIDIOMYCETE) VOLATILE 
ATTRACTION TO RUTPELA MACULATA 
PODA (COLEOPTERA: 
CERAMBYCIDAE) 
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Abstract 
A previous study highlighted the oviposition preference of Rutpela maculata 
(Cerambycidae) as in or within 10 mm of the white rot fungi Stereum hirsutum 
in beech logs. Taking this further the present study investigated whether host 
volatiles form an important component in host searching behaviour by gravid 
R. maculata, through olfactometry and GC-EAG testing. Antennal response 
chemicals were analysed by GC-MS. Results showed a strong preference of 
combined host volatiles of beech with S. hirsutum in olfactometry and together 
with GC-EAG responses, indicate volatiles are important for host searching 
behaviour in ovipositing R. maculata. Identified volatile antennal responses 
included three sesquiterpenes, a monoterpene, an alkane and either 1-H-
Inden-1-one or 1,8-dimethyltetralin. Without further testing of individual 
chemicals in olfactometry the EAG responses cannot be defined as repellent 
or attractive but the results of fungal plug ovipositing preference suggest they 
are attractants. This is further supported by R. maculata extension of the 
ovipositor and probing while in beech with S. hirsutum arms of the 
olfactometer but no other treatments. All results are discussed further. 
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5. 1 Introduction  
The pioneer dead wood xylophagous beetle Rutpela maculata 
(Cerambycidae: Lepturinae) is a common cerambycid of Great Britain and 
Europe (Hoskovek & Rejzek, 2012). Although known to be generically 
associated with “white rot fungi” (Švácha & Danilevsky, P. Švácha, pers 
comms, 2010) it was not until Chapter 4 mentions the first record for an 
identified white rot endophytic fungal species, Stereum hirsutum in 
association with recent dead beech. The next logical step is to determine 
whether host volatiles contributed to their ovipositing choice using 
olfactometry and electro-antennograms. 
 
Chemical volatile information, gathered via insect antennae is transmitted to 
neural networks that elicit subsequent behavioural responses (Hansson, 
1997). These inform the insect, through repellency, attractiveness or 
neutrality, of appropriate food, mates, oviposition substrates, prey, host 
individuals, potential threats, etc. (Quicke, 1997; van Baaren et al., 2007; 
Wang & Yang, 2008; Dannon et al., 2010). The neurological detection of 
odour molecules is an elegant system in insects that consists of odour binding 
proteins (OBP), odour receptors (OR), bipolar sensory neuronal axons, 
antennal lobe (AL) with numerous glomeruli and protocerebral structures. 
Following adherence to the waxy cuticle of the sensillum (antenna) the odour 
molecule passes through the pore and enters the sensillum lymph where a 
high number of hydrophilic OBPs (Figure 2.3b), produced by accessory cells, 
bind and transport the hydrophobic odour molecules onwards (Hansson, 
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1997; Krieger et al., 1997; Sandler et al., 2000). The OBPs then interact with 
odour receptors (OR) at the outer dendritic membrane of the sensory neuron 
(Figure 2.3b) (Hansson, 1997; Malpel et al., 2008; Sato et al., 2008) in 
conjunction co-receptors Orco or aka OR83b. Signal transduction is proposed 
to be a ligand-gated ionotropic system (Sato et al., 2008) whereby the 
heteromeric OR-OR83b odour complex induces ion-gated channel activity in 
the OSN. Sato et al. (2008) showed it to be a non-selective cation 
conductance system (through measurement of inward / outward currents) 
caused by an influx of extracellular Ca2+ to the intracellular environment using 
Bombyx mori (Lepidoptera), Anopheles gambiae (Diptera) and Drosophila 
melanogaster (DIptera). Response times (latency) between insect ORs and 
vertebrate G protein ORs indicate that the vertebrate system requires a longer 
period of odour stimulation compared with that of insects. This bodes well for 
GC-EAG studies where frequently miniscule quantities of separated odiferous 
compounds arrive at the excised antennae. Repolarisation is currently 
postulated to be a current leak of Ca2+ prolonging signal duration, rather than 
K+ (Gu & Rospars, 2011). Sensory signals conducted by the insect OSN (cell 
body in antennae) arrive via the antennal nerve terminating in the antennal 
lobe (AL) of the deutocerebrum. The AL comprises of synaptic junctions 
between OSNs and AL local interneurons (neuropil) forming glomeruli 
(number insect species dependent) connected to a central area in the AL of 
neurites (Hansson, 1997). In Manduca sexta (Lepidoptera) Reisenman et al. 
(2011) showed that the AL local interneurons, that modulate neuronal output 
activity, comprised ca 70% inhibitory or excitatory only with the remaining ca. 
30% expressing combined responses. Demonstrated spatial glomerular 
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activation (localised or global) patterns to individual odour chemicals, 
presented singularly or in a mixture, present the possibility for species 
glomerular chemical olfactory mapping (Galizia et al., 1999; Reisenman et al., 
2011). The excitatory signal travels from local interneurons to projection 
neurons (PN) that have cell bodies within the AL.  Projection neurons now 
conduct the odour signal from the AL to the protocerebrum via antenno-
cerebral tracts synapsing with Kenyon cells in the mushroom body (MB) 
calyces olfactory learning and memory (Debelle et al., 1994; Martin et al., 
2011). The premotor lateral horn (LH), also connected to the MB (Mustaparta, 
2002), has segregated areas believed to be responsible for olfactory stimuli 
such as predator, forage or sex pheromones via axonal tracts (Martin et al., 
2011).  It is suggested that the LH is responsible for stereotypical or innate 
odour response behaviour (Jefferis et al., 2007). 
 
 Xylophagous pest beetle species are known to respond to wood volatiles. For 
example, bark beetles (Scolytidae) temporal arrival on fresh cut to eight-week 
old pine billets (Flechtmann et al., 1999) found species-specific catches 
coincided with oxygenated monoterpenes, ethanol and 4-allylansiole. Ethanol, 
also produced by recent dead or stressed wood, presented singly and 
combined with oak (deciduous trees), or -pinene (coniferous trees) or 
ipsenol, ipsdienol and 2-methyl-3-buten-2-ol (scolytid aggregation 
pheromone) was attractive to cerambycids, scolytids and predatory clerids 
and other wood borers (Montgomery & Wargo, 1982; Dunn & Potter, 1991; 
Weissbecker et al., 2004; Sweeney et al., 2007; Francardi et al., 2009; Dodds 
et al., 2010).  
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In addition, fungal organic volatiles vary through interactions, between fruiting 
bodies and mycelium and white rot or brown rot and include a variety of 
aromatic compounds, alcohols, ketones, monoterpenes and sesquiterpenes 
(Gara et al., 1993; Korpi et al., 1999; Shimin, 2005; Hynes et al., 2007; Evans 
et al., 2008; Zeigenbein & Konig, 2010). Baumgart (2009) noted a temporal 
change in volatile sesquiterpenes production, through time, for beech logs 
and a significant alteration following the introduction of decay fungal species. 
Kukor et al. (1999) demonstrated an important association with wood decay 
fungi by cerambycid larvae Bellamira scalaris (Cermabycidae: Lepturinae), 
Graphisurus fasciatus (Cerambycidae: Lamiinae), Orthosoma brunneum 
(Cerambycidae: Prioninae) and Pandera brunnea (Cerambycidae: 
Parandriniae). Larvae on a wood-fungal complex diet displayed mid-gut 
cellulocytic activity, suggesting ingested fungi released hydrolysing enzymes 
aiding larval cellulose breakdown. Despite these insights an extensive 
literature review (Allison et al., 2004) on cerambycid chemical ecology 
including sex pheromones, floral, trunk, leaf and smoke volatiles, was devoid 
of results on dead wood-fungal volatile attraction (Suckling et al., 2001; 
Wickham et al., 2012).  
 
The aim of this study therefore is to build on results from Chapter 4 and 
investigate whether olfactory volatiles attract R. maculata to S. hirsutum and 
beech via olfactometry and electro-antennograms with GC and identifying 
where possible volatile chemicals that elicit a response, via GC-MS. 
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Objectives: 
 
 To test whether it is beech, S. hirsutum, or combined interaction 
volatiles that attract mated adult female R. maculata and males, by 
olfactometry.  Adult mated female Cerambycidae, will act as 
controls. 
 
 To test whether it is beech, S. hirsutum or combined interaction 
volatiles that elicit an antennal response in mated adult female R. 
maculata and males, by GC-EAG, against adult female mated 
Cerambycidae, act as controls.  
 
 Identify, if possible, volatile chemicals that elicit an EAG response 
via GC-MS. 
 
Hypotheses 
1. Olfactometry shows that mated adult female R. maculata 
show a preference for beech with S. hirsutum volatiles. 
 
2. Mated adult female R. maculata show an EAG response 
to beech and S. hirsutum interaction volatiles. 
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5. 2 Methods 
5. 2. 1 Study species and maintenance 
 
Rutpela maculata was shown to have an ovipositing preference for beech with 
S. hirsutum (Chapter 4) and was the primary species under investigation. As 
control, a cerambycid species without larval representation in Chapter 4, log-
experiment, Stenurella melanura, was used. Cerambycid collections took 
place at the study site High Standing Hill, Windsor, Berkshire, UK as 
described in Chapter 3. Wild caught R. maculata were collected from 
umbellifers Anthriscus sylvestris (cow parsley), Torilis japonica (upright hedge 
parsley) and Heracleum sphondylium (hogweed), while Stenurella melanura 
was found within the flower trumpets of Digitalis purpurea (foxglove) and both 
species were observed mating on flower sources. Wild caught individual’s age 
at capture was unknown but R. maculata adults are active for between two to 
four weeks, before death whilst, that of S. melanura is unknown. Captured 
individuals were kept in species-specific ventilated plastic boxes (150 x 65 x 
75 mm) at a density of six individuals per box. Flowers from associated plants 
were supplied along with cotton buds soaked in butterfly nectar (Meripac Ltd, 
UK) containing glucose, fructose, calcium salt, halide salt and amino acids, for 
nutrition. All were placed in a controlled environment room (21 ± 2 °C; 65% 
RH; LD 16:8 h) where mating was observed.  
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5. 2. 2 Treatments 
 
To assess whether beech, fungi or combined interaction volatiles influence 
attraction to a host substrate, via olfaction, the following five treatments were 
presented: beech, S. hirsutum (SH), Eutypa spinosa (ES) and sub-cultured 
SH on beech or ES on beech. To reduce any possible volatile interference 
emitted by the malt extract agar (MEA) of sub-cultured fungal only treatments 
the MEA surfaces were placed together. The malt extract agar sub-culturing 
method was adopted following fungal volatile emission work by Kahlos et al. 
(1994), Korpi et al. (1999) and Evans et al. (2008). Fungi were observed to 
cover the remaining edges of MEA, thus presenting full coverage of fungal 
mycelium. All fungal treatments, application and size of natural beech, were 
prepared as in Chapter 3 (3.2.2) including time of year. This time frame 
consistency coincided with trap and log experiments presentation in the field. 
Volatile organic compounds are known to vary during fungal competition 
(Hynes et al., 2007; Evans et al., 2008; Pieris et al., 2008) but temporal un-
competitive changes are unknown.  
 
5. 2. 3 Bioassay 
 
The behavioural response of adult mated females and males of R. maculata, 
and S. melanura, to treatment volatiles, was investigated using a four-arm 
olfactometer, Figure 5.1. The design was adapted from Pettersson (1970) and 
Vet et al. (1983). Activated charcoal (60g / arm) filtered air was drawn through 
each treatment cylinder at 40 ml / min (calibrated bubble cylinder) via a 
vacuum pump (Pye, Rothamsted, UK) set at 160 ml / min attached to the 
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central exhaust pipe (Figure 5. 1). The pump, thereby maintaining a constant 
flow, also vented air in-flow. Airtightness of the system and equal treatment 
arm airflow characteristics were checked by a smoke test on black paper (Vet 
et al., 1983). Treatment cylinders, following silicon bung insertion, had a 
volume of 176 cm3 each and treatment cylinders contained either six beech or 
combined sample blocks or equivalent spatial occupation for fungal only 
treatments. The insect arena with unrestricted access was star-shaped 
providing four treatment regions (1 – 4) and a central area (5) graphically 
marked out (Figure 5.1). White close weave netting, at 75 cm high, 
surrounded the olfactometer, with a white card floor blocking any external 
visual stimuli.  
Figure 5.1 Olfactometer set up for cerambycid bioassay (Hart, 2011). 
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All tests were conducted at Imperial College, Silwood Park Campus, in a 
controlled temperature and humidity room (21 ± 2 °C; 65% RH) between 12 – 
5 pm and illuminated by 8500 lux daylight tube (400 to 700 nm) 75 cm above 
olfactometer. Stenurella melanura was tested in late June and R. maculata in 
July. Each treatment was tested individually with samples placed in opposite 
arms while the other two opposing arms pulled only filtered air (control). 
Directional bias was restrained by turning the olfactometer 90o clockwise 
following each individual test but equipment size and space negated turning 
within tests.  After two trials the treatment cylinders and fresh air cylinders 
were swapped. Following ca. four beetle tests the olfactometer was 
dismantled and cleaned with Lipsol (5% v/v; Bibby Sterilin Ltd., Staffordshire, 
UK) detergent and rinsed with 80 % ethanol solution and air-dried. This 
restrained arm bias. A control test for arm bias was conducted using only 
filtered air, through all four arms (n = 15) followed by an agar test (n = 12). 
The test procedure whether arm bias, agar or treatment volatiles was the 
same, with an individual beetle introduced to the arena via the topside bung 
and left to acclimate for five minutes, before the pump was turned on and the 
test run for ten minutes. Duration in the four treatment arms by an individual 
was recorded by Olfa software (F. Nazzi, Udine, Italy). Although the two 
cerambycids are purported to be common and widespread, numbers were low 
at the study site depleting towards the end of July, with deaths occurring 
during the study. Therefore each beetle was given a unique white nail varnish 
dot code on the elytra. This allowed for easy identification and prevented 
replicate tests of the same treatment. To further restrict any untoward 
experimental bias sexing of the beetles did not occur until after their natural 
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death, when they were dissected. The species replicates were R. maculata 
(17) and S. melanura (16).  
 
5. 2. 4 Olfactometer data analysis 
 
The olfactometry response, time spent in the treatment arms compared to 
control arms, was converted to percentages.  A Student t-test was performed 
at 95 percent confidence interval for the comparison of means. The arm bias 
test remained as time and was analysed with an ANOVA and the F-test. 
5. 2. 5 Volatile sampling and GC – EAG  
 
Treatment samples listed above in section 5.2.2 were placed aseptically into 
separate autoclaved glass containers with plastic screw top lids (60 x 55 mm). 
The centre of the lid had a ca. 1.5 mm hole for SPME fibre access and re-
sealed with autoclaved tape. Headspace volatile organic compounds (VOC) 
were collected and adsorbed by solid phase micro-extraction (SPME) bipolar 
grey fibre (Supelco, Bellanfonte, PA, USA). The fibre has a 30 μm film 
thickness constructed of divinylbenzene, carboxen and polydimethylsiloxane, 
coated on a silica core and advocated for volatile and semi-volatile, C3 – 20 
(MW 40 – 275) collections. As recommended by the manufacturers the fibre 
was conditioned for one hour at 270oC then for ten minutes at 220oC after 
each headspace collection (Supelco, Poole, Dorset, UK). Fibre blank runs 
were undertaken each session and periodically for quality control. Following 
trials the SPME fibre was exposed to headspace volatiles for 45 minutes. 
Although the grey fibre has a wide molecular weight range it has limited 
capacity and long exposure times can see volatile compounds desorb (Shirey 
& Mindrup, 1999). The SPME holder was supported by a clamp system just 
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above the treatment pot then, the 20 mm fibre was pushed down into the 
headspace of the pot avoiding treatment contact. Immediately after exposure 
the fibre was withdrawn into the holder then re-exposed manually in the 
SPME liner of the injection port of the Agilent 6890N gas chromatograph (GC) 
(Agilent™, Stockport, UK). The fibre was desorbed for 2 min at 220 °C, then 
in split mode, separated over a non-polar 30 m x 0.32 mm ID x 0.25 μm, HP-5 
(5% phenyl methyl siloxane) column.  The HP-5 column (WCOT) has a low 
bleed stationary phase reducing background signal distortion (Agilent, 2012). 
After two minutes the following program was initiated:  start 45°C, increasing 
at 4°C min-1 to 200°C, then held at 200°C for 5 min (Hynes et al., 2007; Evans 
et al., 2008). The initial flow was 2.6 ml min-1 and pressure 75 KPa resulting in 
an average velocity of 40 cm sec-1. The carrier gas was helium at 40 ml min-1 
and GC signals were analysed by a flame ionization detector (FID) and 
recorded on ChemStation software (Agilent™, Stockport, UK). 
An electro-antennogram (EAG) measures voltage changes across an excised 
antenna in response to emitted chemical compounds from the GC. Before 
antennal removal by micro-scissors, placing in a freezer for 20 to 30 seconds 
reduced cerambycid activity. The HP-5 column as described above was 
divided by a Y-junction, splitting the effluent by 1:1 ratio between the FID and 
a 300 mm heated transfer cylinder (200oC). From the heated cylinder an 
externally exerted section of GC column now entered the rounded right angle 
glass mixing tube (ID 5 mm) where volatiles were humidified with filtered air 
(450 ml min-1) and pushed forward (24.4 ml min-1) to the excised antennae. To 
improve signal to noise ratio, especially of large amplitude noise, both of an 
individuals antennae were used in parallel (Park & Baker, 2002) and placed 
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between a different and indifferent metal-pronged recording electrode with a 
pre-amplification x 10, unit (Syntech, Hilversum, The Netherlands). The 
electrical circuit was completed with AgCl conducting gel deposited between 
antennal excised ends and electrodes. All were located on a grounded 
platform and surrounded by a tin foil Faraday shield. Attached after the 
antennal assembly was the Syntech signal acquisition unit, IDAC 232 
(intelligent data acquisition controller), linked to a PC with Syntech software 
Version 2.6 (2003). Excised antennae were active for 4 ± 1.5 hour. Freshly 
excised antennae were allowed to settle once attached to the system for ca. 
15 minutes. All tests were conducted between 12 – 5 pm and at 22 ± 2 °C at 
the School of Biosciences Analytical Unit, Cardiff University, UK. A puffer test 
was administered at known time intervals throughout the GC-EAG run 
checking antennal responsiveness. The test comprised of a 1l one–octen-3-
ol (Sigma Aldrich, UK) applied to filter paper (Whatman No 1, UK) and placed 
within the syringe body. Attached to the syringe was a micropipette tip that 
was inserted into a hole in the glass mixing tube assembly, external to GC 
and just before the excised antennae. The syringe was depressed quickly 
expelling the odour. The species replicates were R. maculata (7), S. melanura 
(4). Unfortunately wild caught specimens age at capture was unknown. 
5. 2. 6 Electro-antennogram signal detection 
 
To distinguish between noise and olfaction voltage changes (EAG) in 
response to GC eluted chemical compounds, three mathematical 
programmed algorithms by Slone & Sullivan (2007) were employed. The 
algorithms amplified the EAG signal by recognition of their characteristic 
shape and wavelength from unstructured noise, which was suppressed. This 
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analysis method removed operator bias. 
Analysis involved application of an exponential zeroing filter (Equation 1) of 
raw EAG data converting to a sigmoid waveform essentially similar to the 
Syntech IDAC unit.  
Zt = Et – Et – 1 + r . Zt – 1 
Equation 1 Exponential zero filter equation (Slone & Sullivan, 2007). 
Z = zeroed data; t = sample number, E = EAG data voltage; r = zeroing rate related to IDAC 
time constant and set according to mean width of FID peak in sample run at half peak height 
(Slone & Sullivan, 2007). 
Further filtering of noise “spikes” was achieved by an exponential average 
(Equation 2) that passed suspected EAG wavelengths similar to FID (GC) 
peaks, maximizing the difference between signal peaks and higher frequency 
noise and giving a higher S/N ratio.  
 
st = αs . Zt + (1 - αs) . st – 1, 
Equation 2 Exponential average equation for noise spike filtering (Slone & Sullivan, 2007). 
αs = weighting factor for smoothing, for example, according to Slone & Sullivan (2007) 0.15 for 
αs maximized the difference in amplitude between EAG peaks and high frequency noise. 
 
The baseline was used to measure EAG height, passing lower frequencies 
and allowing the baseline to follow an average baseline (Equation 3).  
bt = αb . st + (1 – αb) . bt – 1, 
Equation 3 Baseline equation countering signal size against drift (Slone & Sullivan, 2007). 
αb = weighting factor for baseline, for example, Slone & Sullivan (2007) note an input of 0.001 
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best achieved attenuation of EAG wavelengths while passing lower frequencies and allowing 
natural baseline drift. 
 
Slone & Sullivan’s (2007) goal was to design a function the value of which 
was large and positive for EAG signals and small and negative for noise. The 
transformed data was analysed by three methods and for this studies data, 
where no evaluations on the subject species or treatments have been 
undertaken in the literature, a rigorous protocol was employed where at least 
methods 2 and 3 below, had to be in accordance to be accepted as an EAG 
response. 
The three methods are as follows: 
1. Peak Height – Similar to operator observed detection whereby negative 
deflections stand out against zeroed background noise. Amplitude only. 
 
2. Additive - In addition to the initial downward deflection of the EAD 
output, a second positive deflection is generated by the zeroing filter. 
This occurs when the raw data contains a negative deflecting Gaussian 
peak of a wavelength similar to the GC peaks (Slone & Sullivan, 2007). 
The sum of both deflections produces a value exceeding that produced by 
random noise containing random frequencies, therefore filtering out low 
amplitude and/or inappropriate wavelengths. The additive method is the sum 
of positive and negative EAG deflection. 
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3. Minimum – Distinguishes against varied amplitude positive and 
negative deflections where higher values are found for symmetrical 
Gaussian peaks and appropriate wavelengths. Olfactory generated 
EAG signals are accepted on the basis of their peak amplitude, 
wavelength and symmetry (Slone & Sullivan, 2007) 
 
5. 2. 7 GC-MS volatile analysis 
 
The Agilent 6890N gas chromatograph used an HP-5MS (WCOT) column 
(30m x 0.25mm 0.25um phase thickness) that is the same as the HP-5 but 
with lower bleed characteristics for mass spec study. Unlike older GC-MS 
systems the modern Agilent 6890N can maintain a constant flow adjusting 
pressure as the temperature changes, or a constant pressure, allowing flows 
to be comparable between GC-EAG and GC-MS. In addition, the application 
of hydrocarbon standards gave retention time benchmarks that enabled 
comparison of results from one instrument, with those of another. The carrier 
gas was helium and the program timings were as described in section 5.2.5. 
The GC was coupled with an Agilent 5973 MS quadrupole mass spectrometer 
in Electron Impact (EI) mode working from m/z 35 to 450, with a source 
temperature of 250oC  and quad temperature of 200oC. SPME volatile 
collection and manual delivery to the GC injector port were as section 5. 2. 5. 
ChemStation software 
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5. 2. 8 GC – MS volatile organic compound identification 
 
The hydrocarbon standard C9 – C20 (Sigma Aldrich, UK) (40 mg L-1 in 
hexane) was replicated three times using a 0.1l injection on both GC-EAG 
and GC-MS systems enabling Kovats retention index (KI) calculation 
(Equation 4).  
 
 
Kovats Retention Index =      100         (tu  -   tn  )       +  n 
                                                              (tN  -   tn)          
Equation 4  Equation for Kovats retention index. 
 
Where: 
 
tu = retention time of unknown compound 
tn = retention time of larger alkane after unknown peak 
tn = retention time of smaller alkane before unknown peak 
n = number of carbon atoms in smaller alkane. 
 
Chemical Identification of Kovats retention times associated with EAG 
responses, as identified by Slone & Sullivan’s (2007) algorithm, was 
undertaken through comparison with mass spectra library entries (National 
Institute of Standards and Technology v2.1 mass spectral database) retention 
times. In addition to the GC-EAG treatment samples analysis in GC-MS a 
further three replicates of each treatment were analysed including, agar 
singly. The additional agar comparison was to exclude unrelated treatment 
EAG responses. Comparison within and between treatments was undertaken 
with respect to EAG signal detection retention times. 
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5. 3 Results 
5. 3. 1 Olfactometry 
 
Randomly chosen cerambycids (n=15) were found to have no arm bias (F4,45 
= 1.16, P > 0.1) (Figure 5.2). 
 
Figure 5. 2 Mean (± SEM) time (percentage) spent in empty (filtered air) odour sources, applied to all 
four arms, by randomly chosen cerambycids (n=15). 
Of equal importance was the effect that agar may have on preference choice 
either as a repellent or attractant (Figure 5.3). 
                  
Figure 5. 3  Mean (± SEM) time (percentage) spent in agar, air or central area of twelve randomly 
chosen cerambycids (n=12). 
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There was no difference in time spent in agar or air arms in the olfactometer 
(F1,22 = 1.21, P > 0.1) indicating a likely neutral effect of agar (Figure 5.3). 
 
 
5. 3. 2 Olfactometry results for Rutpela maculata 
 
The olfactometry test results (Table 5.1) for female R. maculata (n = 11) 
showed a strong preference for beech with S. hirsutum and a preference for 
beech with E. spinosa. Beech or fungal treatments however, singly showed no 
preference. Males (n = 6) showed no preferences for beech, fungi or 
combined treatments, preferring control air arms (Table 5.1). An interesting 
observation was the extension, contraction and probing behaviour of the 
beige coloured translucent ovipositor, ca. 2 mm long, in combined beech with 
S. hirsutum treatments only. In addition, from the tip of the exerted ovipositor 
the female would deposit a very small clear fluid drop onto the olfactometer 
surface, within the treatment arm. 
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Table 5. 1   Rutpela maculata olfactometry t - test results (95% CI). Times in treatment and 
control arms converted to mean percentages (± SEM) of time (minutes). 
 
The number of test subjects varied through olfactometry testing caused by 
subject deaths. Despite extensive searching and literature stating R.maculata 
adults present until September, replacements were not found after adult 
population peak capture in July.  
 
5. 3. 3 Olfactometry results for Stenurella melanura  
 
The olfactometry test results (Table 5.2) for female S. melanura (n = 9) 
showed no treatment preferences. When presented with S. hirsutum and E. 
spinosa singly and combined beech with E .spinosa, control arms were 
preferred. Males (n = 7) showed no treatment preferences. 
Sex n Treatment Mean percentage time (± SEM) 
Control  vs. treatment arms 
        Result 
F 11 SHB Control = 17.8 (± 6.7), SHB = 68.6 (± 7.6) t19.3 = -5.12, P < 0.0001     
M 6 SHB Control = 65 (± 12.8), SHB = 40 (± 10.9) t9.8 = 0.27, P > 0.1 
F 9 Beech Control = 31.9 b (± 8.7), Beech = 42.7 (± 10.2) t15.6 = -0.79, P > 0.1 
M 6 Beech Control = 50.8 (± 17.9), Beech = 9.5 (± 7.7) t6.8 = 2.18, P < 0.05           
F 8 SH Control = 30.4, (± 10.9), SH = 15.2 (± 5.64) t10 = 1.22, P > 0.1 
M 5 SH Control = 93 (± 14.2), SH = 5 (± 1.6) t7.9 = 10.5, P < 0.001         
F 9 ESB Control = 26.3 (± 6.3), ESB = 48.1 (± 8.9) t15.2 = -2.06, P < 0.05           
M 6 ESB Control = 84.5 (± 19.4), ESB = 15.5 (± 9.7) t9.9 = 2.95, P < 0.01           
F 7 ES Control = 32.2 (± 10.4), ES = 16.8 (± 8.4) t11.9 = 1.13, P > 0.2 
M 5 ES Control = 79.1 (± 18.2), ES = 22.6 (± 18.4) t8= 2.17, P <  0.05          
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Table 5. 2 Stenurella melanura olfactometry t-test results (95% CI). Times in treatment and 
control arms converted to mean percentages (± SEM) of time (minutes).  
 
Sex n Treatment  Mean percentage time (± SEM) 
control vs. treatment arms 
Result 
F 9 SHB Control = 34.4 (± 6.7), SHB = 35.1 (± 5.8) t15.6 =  0.82, P > 0.1 
M 7 SHB Control = 31.6 (± 9), SHB = 34.3 (± 5.9) t10.3  =  -0.2, P > 0.1 
F 9 Beech Control = 33.2 (± 10.3), Beech = 18.5 (± 5.3) t11.9 =  1.67, P > 0.1 
M 6 Beech Control = 37.4 (± 16.3), Beech = 8.6 (± 5.4) t6 =   1.65, P > 0.1 
F 8 SH Control = 46.5 (± 9.5), SH = 13.9 (± 5.9) t11.8 =   2.91, P < 0.05 
M 5 SH Control = 10.2 (± 14.1), SH = 0 t4   =  1.15, P > 0.1 
F 9 ESB Control = 44.7 (± 7.4), ESB = 25.5 (± 7.4) t15.9  = 1.82, P > 0.05 
M 6 ESB Control = 4.4 (± 3.7), ESB = 10 (± 5.9) t8.4  =  -0.79, P  > 0.1 
F 8 ES Control = 49.2 (± 14.1), ES = 14.1 (± 9.1) t12  =  2.17, P < 0.05 
M 4 ES Control 13.7 (± 13.7), ES = 0.2 (± 0.2) t3     =   0.98,  P > 0.1 
 
The number of test subjects varied through olfactometry testing due to deaths. 
Following extensive searching replacements were not found after adult 
population peak capture in late June, despite literature stating presence until 
September. 
 
5. 3. 4 Rutpela maculata GC-EAG  
 
Following olfactometry four female and three males survived for EAG 
analysis. Demonstrated by the puffer test, antennae were still active after five 
hours of testing (Figure 5.4 A). Only combined beech with Stereum hirsutum 
produced EAG responses (Table 5.3; Figures 5.4 & 5.5) (Slone & Sullivan, 
2007). Prior to testing the elution time lag between GC peak screen 
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appearance and recognition of odour at excised antennal position was 
calculated (human nose) and adjusted accordingly.  
 
 
Table 5.3 Rutpela maculata EAG response decimal times for treatment beech combined with 
Stereum hirsutum (SHB).  Kovats retention index for GC-EAG and adjusted response 
times and Kovats retention index for GC-MS analysis.  
 
Treatment Sex Number 
responding 
(%) 
EAG 
response 
decimal time 
GC-EAG 
Kovats RI 
 
SHB 
 
F 
 
100 
 
11.08 
 
1131 
SHB F 100 13.83 1222 
SHB F 50   8.10 1025 
SHB F 50 15.78 1266 
SHB F 50 18.23 1344 
SHB F 50 22.06 1470 
SHB M 66 13.83 1222 
 
The EAG response deflections to the six-combined beech with S. hirsutum 
treatment chemicals had the same characteristic waveform and ranged from 
0.25 mV to 1.5 mV (Figure 5.4 and 5.5). 
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 D        E      
 
 
Figure 5. 4  Female R. maculata, EAG traces. A - puffer test with deflection measured at 2mV followed 
by examples of EAG responses. B, red box highlights EAG response at time 10.78 and C, enlarges 
deflection at 10 .78. The measured deflection was 0.3 mv. D, red box highlights EAG response at 
time13.83 and E, enlarges the EAG response at 13.83. The measured deflection was 1.5 mv.  
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  A       B                                                                         
 
Figure 5.5 A, red box highlights EAG response at time 22.06 and B, enlarges EAG response at 22.06. 
The measured deflection was 0.25 mV. 
 
The EAG response waveform of the puffer test compares well with those 
responding to volatile compounds from the GC. They possess symmetry, 
wavelength and a positive post excitation deflection in accordance with the 
test-induced signal. In Figure 5.4 variation in noise structure is noted with 5.4 
D having higher frequency disturbance and wandering baseline compared to 
F and G. Despite applications applied to reduce noise there was still biological 
variability between individuals.  
 
 
5. 3. 5 Rutpela maculata GC-MS 
 
In total, 60 peaks for combined beech and S. hirsutum, 45 peaks for S. 
hirsutum singly and 37 peaks for beech singly were noted and are shown in 
Figure 5.6 as a GC-MS total ion chromatogram (TIC).
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Figure 5.6 GC-MS trace comparing traces of beech with S. hirsutum in red (SHN), beech singly in green (BEECH) and S. hirsutum singly in blue (SH). Agar, in black, was also 
tested for any influential volatiles (AGAR) none of which were found relating to EAG responses. SHA in purple refers to autoclaved beech with S. hirsutum that will be 
discussed in Chapter 6. 
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The GC-EAG results showed that female antennae responded to six 
chemicals in beech combined with S. hirsutum and the chemical 
characteristics are shown in Table 5.4 and E.I mass spectra in Figures 5.7 to 
5.12. The hydrocarbon standard performed on the GC-EAG and GC-MS 
highlighted a slight difference in elution times that would affect EAG response 
times in the GC-MS. To determine comparative EAG response time on the 
GC-MS, Kovats retention index formula was used. For a known GC-EAG 
Kovats RI the GC-MS response time could be determined by simple 
rearrangement of the formula and the use of hydrocarbon standard elution 
times for GC-MS (Table 5.4).  
 
Table 5. 4  GC-MS Kováts RI and chemical characteristics of Rutpela maculata EAG 
response in beech combined with Stereum hirsutum. 
 
GC-MS adjusted 
EAG decimal time 
GC-MS 
Kovats RI 
Chemical characteristics 
 
10.11* 
 
1108 
 
Not a terpene but putatively an alkane 
13.31** 1205 Putatively 1H-Inden-1-one (C11H12O), or alternatively 
1,2,3,4-tetrahydro-1,8-dimethyl (Naphthalene) (C12H16)  
 
7.50 1048 Oxygenated monoterpene like structure, putatively ketone. 
15.45 1278 Dehydrogenated – structure similar to a sesquiterpene. 
17.82 1355 Sesquiterpene 
21.73 1482 Sesquiterpene 
 
* = All females responded in GC-EAG to these chemicals. ** All females responded and  
66 % males. The un-starred times indicate 50% of females had EAG responses. 
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Figure 5.7 Electron impact spectra of chemical characteristics at EAG response 10.11. Kovats retention index 1108
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Figure 5.8 Electron impact spectra of chemical characteristics at EAG response 13.31. Kovats retention index 1205. 
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Figure 5.9 Electron impact spectra of chemical characteristics at EAG response 7.50. Kovats retention index 1048. 
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Figure 5.10 Electron impact spectra of chemical characteristics at EAG response 15.45. Kovats retention index 1278. 
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Figure 5.11 Electron impact spectra of chemical characteristics at EAG response 17.82. Kovats retention index 1355. 
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Figure 5.12 Electron impact spectra of chemical characteristics at EAG response 21.73. Kovats retention index 1482. 
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The mass spectra library (NIST V. 2.1) suggests two possible chemical 
compounds for Kovats retention time 1205 (EAG response time 13.31), 1H-
Inden-1-one (C11H12O) and 1,2,3,4-tetrahydro-1,8-dimethyl (Naphthalene) 
(C12H16), whose spectra are shown in Figure 5.13 and 5.14. Figures 5.13 and 
5.14 show how similar the two electron impact fragmentation spectra are and 
further analysis will be required. The mass spectra library (NIST V. 2.1) also 
suggests one chemical compound, an alkane, for Kovats retention time 1108 
(EAG response time 10.11) shown in Figure 5.15 and a ketone for Kovats 
retention time 1048 (EAG response time 7.5) shown in Figure 5.16.  
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Figure 5.13 NIST mass spectral library suggested chemical compound 1H-Inden-1-one, 2,3-dihydro-3,3-dimethyl for Kovats 1205. EAG response time was 13.31. 
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A 
 
Figure 5.14 NIST mass spectral library suggested chemical compound Naphthalene 1,2,3,4-tetrahydro-1,8-dimethyl for Kovats retention time 1205.  EAG response time 13.31. 
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Figure 5.15 NIST mass spectral library suggested chemical compound alkane for Kovats retention time 1108.  EAG response time 10.11. 
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Figure 5.16 NIST mass spectral library suggested chemical compound ketone for Kovats retention time 1048.  EAG response time 7.50. 
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GC-MS analysis of S. hirsutum and beech singly, was undertaken (Table 5.5) 
to assess whether these treatments contained the combined beech with S. 
hirsutum EAG response chemicals. In addition, GC peak area (pA*s) 
associated with EAG response represents the concentration of the eluted 
chemical. Further, the peak area contribution to the whole GC trace was 
calculated. 
 
Table 5.5 Presence or absence of EAG associated chemicals in single treatments of S. 
hirsutum and beech. Included is peak area - proportional to the number of molecules  
(concentration) in a generated signal and area percentage in relation to all GC 
generated compounds within a treatment. 
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7.5  3.51 0.04  n.a n.a  n.a n.a  
10.11  66.6  0.81  20.2 0.04  28.1 2.49  
13.31  15.48 0.18  1.7 0.52  n.a n.a  
15.45  19.73 0.24  n.a n.a  n.a n.a  
17.82  728.51 8.92  1.96 0.52  30.95 2.74  
21.73  9.34 0.82  3.04 0.79  n.a n.a  
 
The results suggest that two chemicals are common to all three treatments, 
two are S. hirsutum based and two appear to derive from the combined effect 
of beech with S. hirsutum. Interestingly however, the three additional 
replicates of the combined treatment (SHB) used for GC-MS analysis showed 
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that the EAG response chemicals were difficult to determine from the 
background noise suggesting variation between duplicates produced from the 
same fungal culture and wood sample. The results also show that the GC 
peak areas of the combined treatment (SHB) were larger than those when 
present of single treatments 
 
5. 3. 6 Dissection for sex determination 
 
The abdomens of R. maculata test specimens were dissected for sex 
determination following their natural death (Figure 5.17). Interestingly, one 
female contained three hatched living larvae at ca. 3 mm length (Figure 5.18) 
while her abdomen appeared desiccated. All females harboured ca. 12 eggs. 
 
 
Figure 5.17 R. maculata A, male genitalia, B, female with eggs (Hart, 2011). 
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Figure 5.18 A, three live larvae from R. maculata abdomen and B, retrieved 3 mm larvae (Hart, 2011) 
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5. 3. 7 Stenurella melanura GC-EAG 
 
Following olfactometry four females survived for GC-EAG analysis. Their 
antennae unlike R. maculata stayed active only for two hours and therefore 
treatments were reduced to beech combined with S. hirsutum and beech and 
S. hirsutum singly. As R. maculata larvae were always associated with S. 
hirsutum in beech (Chapter 4) in field log experiment these treatments were 
deemed the priority. The GC-EAG results for all three treatments revealed no 
electro-antennal responses for S. melanura. This is supported by olfactometry 
results where no clear preference for the three GC-EAG treatments was 
noted. 
 
 
5. 5 Discussion 
The basal lineages of beetles proposed to have lived within dead wood 
(Ponomarenko, 2003) suggest that xylophagous beetles have evolved for ca. 
150 mya in a similar organic volatile environment to that of the present day 
and is supported by Stubblefield (1985) and Taylor & Krings (2005) who noted 
morphological similarity in structural decay between extant and fossil fungi, 
postulating little change in the biochemistry of decay processes. A Devonian 
collembolan Rhyniella praecursor (Figure 2.1a) represents the earliest known 
insect antennae; in addition, at this time odour receptors are postulated to 
have evolved in response to a terrestrial habitat (Hansson, 2011).  
 
 Beech logs inoculated with fungal plugs (Chapter 4) showed that R. maculata 
females had a strong preference for logs with S. hirsutum, ovipositing in or 
within 10 mm of plug therefore, suggesting that host volatiles may be 
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important for host searching behaviour. Expanding on this hypothesis, with no 
host visual cues present, olfactometry results support the premise with 
females (n =11) displaying again, a strong preference for combined beech 
with S. hirsutum, with respect to time spent in treatment arms. Further support 
was provided by the observation of female ovipositor extension, contraction 
and occasional deposition of a fluid droplet whilst in the arms containing the 
combined beech and S. hirsutum. Importantly, this behaviour was not 
observed in any other treatment or performed by S. melanura females. 
Following electron microscopy on Phorocantha recurva (Cerambycidae) 
ovipositors, Faucheux (2012) noted the presence of various subtypes of 
aporous basiconica, multiparous basiconica, aporous chaetica and 
coeloconica sensilla distributed variously along its length. The different 
functions of the sensilla include hygro-receptivity, gustatory, mechano-
sensory and olfactory and suggest the probing activity of R. maculata may 
have been host selection behaviour.  Alternatively, female R. maculata may 
have released of a sex pheromone as noted in Prionus californicus 
(Cerambycidae) that similarly, extend and contract their ovipositor (Cervantes 
et al., 2006; Rodstein et al., 2009), but the test specimens had already mated. 
Another possibility for fluid deposition is as a deterrent to other gravid con-
specific females such as those semiochemicals produced in the hindgut of 
Monochamus alternatus (Cerambycidae) (Li & Zhang, 2007). Lu et al. (2011) 
identified an ovipositor jelly like substance deposited on eggs laid by Glenae 
cantor (Cerambycidae) that positively attracts more gravid conspecifics to the 
host. Both the last two scenarios seem unlikely as no eggs were laid within 
the olfactometer.   
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Female R. maculata (n = 9) also showed a preference for beech combined 
with E. spinosa in the olfactometer. In Chapter 4, one of the log treatments 
contained both S. hirsutum and E. spinosa plugs although, the larvae were 
never associated with the latter. In GC-EAG no antennal responses were 
noted for beech with E. spinosa and the results are inconclusive. Female R. 
maculata also demonstrated no preferences in olfactometry for single 
treatments of S. hirsutum (n = 8) or beech (n = 9). Galizia et al. (1999) and 
Reisenman et al. (2011) demonstrated by spatial glomerular activation 
(localised or global) patterns to individual odour chemicals, presented 
singularly or in a mixture, a glomerular chemical olfactory map. In support, 
glomerular fluorescence, when activated by odour, increased with higher 
odour concentrations compared to natural concentrations and demonstrated 
that glomeruli are independent of each other and are odour specific (Wang et 
al., 2003). Thus suggesting that without the correct glomerular activation 
pattern no behavioural response is elicited i.e. without complete suite of host 
volatile cues in a concentration/ ratio range found in combined treatment 
beech with S. hirsutum. In GC-EAG however, where excised antennae are 
unconnected to the antennal lobe no responses were noted for the single 
treatments. Two possible reasons for this include un-detectable EAG low 
amplitude response or alternatively chemical concentration was outside 
antennal response range. This is supported in Table 5.5, where EAG 
responding GC peak area was lower in associated single treatments 
compared with combined treatment, ranging from three to 100 times smaller.  
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Rutpela maculata males showed no olfactometry treatment sample 
preferences. Controls were however, preferred over beech, combined beech 
with E. spinosa and E. spinosa singly, suggesting repellency to those 
treatments. Observations of wild caught specimens for investigation were 
noted mating on flower sources and is it postulated why repellency to 
treatment samples in olfactometry occurred. However, two out three males in 
GC-EAG responded to a chemical eluting at 13.31 (combined beech with S. 
hirsutum) that also produced a response from all four female test subjects’ 
antennae. It was the only eluting chemical the males responded to and 
suggests mating could possibly occur at host sites or, alternatively, it may 
represent a cuticular hydrocarbon for close-range mate identification. For 
example, cuticular hydrocarbons produced by Xylotrechus colonus 
(Cerambycidae) females including n-pentacosane, 9-methylpentacosane and 
3-methylpentacosane, are detected by X.colonus males through antennal-
cuticular contact (Ginzel et al., 2002). But, none of these chemicals are 
unique, for example, Ortholeptura valida’s (Z)-11-octadecen-1-yl acetate is 
present in male fruit fly sex pheromones (Drosophila spp.) and 
geranylacetone is part of Dufours gland secretions of Eciton burchelli soldier 
and worker ants (Keegans et al., 1993; Vosshall, 2008). This suggests that a 
combination of organic volatiles confers more than a single volatile cue e.g. 
combined volatiles of wood and decay endophytic fungus for xylophagous 
host foraging.  
 
In total, six chemicals in combined beech with S. hirsutum elicited an EAG 
response from female R. maculata with all other treatments devoid of activity. 
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All female R. maculata responded to two chemicals at retention times 10.11 
and 13.31 while the remaining four chemicals had a 50% response. The 
number of females alive following olfactometry was disappointing especially, 
as further collection proved futile after their July population peak. More 
specimens would have added greater gravitas to the results whereas with the 
present sample number the results are still speculative. In addition, individuals 
were near life expectancy and deterioration of antennal structure or damage 
from excision may have precluded further responses, for which a greater 
sample size could have resolved.  
 
Nonetheless, six chemicals produced an antennal response and included 1H-
Inden-1-one / 1,8-dimethyltetralin, three sesquiterpenes, a monoterpene and 
an alkane.  The first chemical, responded to by all females and two males, 
was putatively identified as either 1H-Inden-1-one,2,3,-dihydro-3,3-dimethyl or 
naphthalene 1,2,3,4-tetrahydro-1,8-dimethyl.  1H-Inden-1-one,2,3,-dihydro-
3,3-dimethyl, has a boiling point 207oC at 760 mm Hg and a molecular weight 
160.2. Cavazza et al. (1988) revealed the production of the chemical from UV 
irradiation of 3-oxocyclopent-1-enyl acetate and acetylene in MeCN at 0°C 
but, although this result is unassociated with fungi it does suggest a possible 
UV induced chemical pathway. In addition, Jourdan et al. (1991) prepared 
fungicides derived from 1-H-Inden-1-one that advocates the chemical may 
provide chemical defence for S. hirsutum against other resource competing 
fungi. In support, Stereum gausapatum (Basidiomycota), when in close 
competition with Trametes versicolor, released eight specific volatiles, 
including methyl-1,3-cyclohexadiene and an aromatic (Evans et al., 2008). 
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Also, contact with interspecific fungal species or their decayed wood remains 
can have inhibitory or stimulatory effects on other decay fungi for example, S. 
hirsutum remains inhibit many decay species including Eutypa spinosa, 
whereas, Fomes fomentarius wood remains were stimulatory (Heilmann-
Clausen & Boddy, 2005). EAG detection of this chemical could thus infer 
competitiveness of the S. hirsutum and prospect of continued presence 
through the larval two to three year development. It also supports the 
hypothesis in Chapter 4, of R. maculata oviposition choice of S. hirsutum in 
sun sites when in dual fungal treatments. The other chemical putatively 
suggested is naphthalene 1,2,3,4-tetrahydro-1,8-dimethyl that has a boiling 
point of 241oC at 760 mm Hg and a molecular weight 160.25. The only 
references to this chemical relate to its derivation from coal-derived jet fuel, 
coal tar and petroleum (Miller & Hawthorne, 1989).  
 
One monoterpene and three sesquiterpenes demonstrated an antennal 
response from female R. maculata. Monoterpenes belong to the biochemical 
class terpenoids and are characterised by C5 units that depending on their 
number are further divided e.g. monoterpenes (C10), diterpenes (C20), 
sesquiterpenes (C15) etc (Keisselmeier & Staudt, 1999). In total there are ca. 
2500 plant monoterpenes and 5000 plant sesquiterpenes and many released 
have cytotoxic and deterrent effects against microbes, fungi, viruses and 
herbivory and/or damage (Wink, 2003). From a total of 55 tropical tree 
species Courtois et al. (2009) determined each tree to emit on average 37 
volatiles and included the importance of sesquiterpenes in tree specificity. 
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Terpenes can be beneficial as shown by parasitoids of mature Ips 
typographus (Scolytidae) larvae, Rhopalicus tutela and Roptrocerus mirus 
(Chalcidoidea: Pteromalidae) that are strongly attracted to volatiles of 
combined spruce logs with mature larvae, in particular the oxygenated 
monoterpenes camphor, isopinocamphone and pinocamphone, associated 
with mature Ips spp. conifer damage (Pettersson, 2001; Pettersson et al., 
2001). Interestingly, elm leaves have demonstrated prevention of damage by 
releasing terpenes and attracting egg parasitoids (Buchel et al., 2011). Fungi 
have also been shown to produce or up-regulate sesquiterpenes under 
competitive situations either in intra or inter-specific situations (Florianowicz, 
2000; Hynes et al., 2006; de Souza et al., 2011). But, as before for insect 
pheromones, de Souza et al. (2011) highlights that not all the sesquiterpenes 
are unique to fungus and can be found in plants and/ or insects. In summary, 
the terpenes, especially monoterpenes and sesquiterpenes comprise of ca. 
7500 chemicals and identification is notoriously difficult, with many having 
similar mass spectra. 
 
Mass spectral analysis of all treatments shows the alkane and one 
sesquiterpene are common in single beech and S. hirsutum and the combined 
treatment. 1-H-Inden-1-one / 1,8 dimethyltetralin and another sesquiterpene 
are S. hirsutum based whilst the monoterpene and final identified 
sesquiterpene are found only in combined treatment, suggesting an 
interaction origin.  Interestingly, the three additional beech with S. hirsutum 
replicates used for GC-MS analysis did not possess the chemicals associated 
with responding EAG. Despite preparation under the same conditions and 
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with samples from the same batch the signals were amongst the background 
noise and were too small to register on the mass spectrometer. This highlights 
the biological variability and volatiles produced. 
  Bruce et al. (2005) suggest reasonably to locate hosts herbivorous insects 
use host volatile chemical ratios from the plethora of biogenic volatiles within 
a habitat. Fluctuations of host volatile ratios, as shown in the combined 
replicates, can also occur leading Rodriguez et al. (2010) to advocate a 
predefined range rather than an absolute ratio, indicated by glomerular 
(antennal lobe) calcium activation imaging. R. maculata have polyphagous 
larvae and are generically associated with “white rot” fungi. 
 
Interestingly, the sparse research in volatile organic compound profiles from 
wood / decay fungal interactions, notes a variation of chemicals quantities 
(ng/l) emitted by different wood / decay fungal combinations in irradiated 
aspen or variously aged pine with either brown rot fungi Coniophora puteana 
(CP), Poria placenta (PP) or Serpula lacrymans (SP) (Korpi et al., 1999). 
Although results are for brown rot fungi they demonstrate for example, 
formaldehyde measured 22 CP, 25 PP and 247 ng/l SP; decanal 17 CP, 4 PP 
and undetected in SP; butanone 14 CP, 105 PP and 29 SP. This disparity 
(Rodriguez et al., 2010) and consequently varied ratios (Bruce et al., 2005) 
may well assist R. maculata to verify suitable host quality and subsequent 
larval performance in more than one tree and white rot fungal species. 
Alternatively, ubiquitous S. hirsutum may be the constant within the varied 
tree species utilized by adults, where interactions produce different ratios/ 
ranges; further investigation is required to establish this point  
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Interestingly, all EAG response GC peak areas were greater (sometimes by 
100 fold) in the combined treatment when compared to the same identified 
GC peaks in single treatments (beech, S. hirsutum). The results from 
olfactometry and GC-EAG all indicate that combined beech with S. hirsutum 
ratios / concentrations are required for R. maculata host acceptance.  
 
The final important observation noted in the investigation was that of three 
hatched R. maculata larvae on adult dissection. Adult R. maculata longevity is 
only two to four weeks and eggs were noted in all mated females dissected. 
The quality of nutrients supplied appeared sufficient, supported by hatched 
larvae. The results suggest that once mating has occurred (as with all 
investigated females) oviposition, following maturation, must occur. Whether 
oosorption is an option prior to mating for survivorship was beyond the scope 
of this study (Barrett et al., 2009), but mean lifetime fecundity for cerambycids 
ranges from 30 to a few hundred eggs (Bilý & Mehl, 1989; Smith et al., 2002; 
Togashi, 2007). 
 
5. 5. 1 Conclusion 
 
Combined host volatiles of beech with S. hirsutum have been shown through 
olfactometry and GC-EAG to be important for host searching behaviour in 
ovipositing R. maculata and both hypotheses are accepted. Identified volatile 
antennal responses included three sesquiterpenes, a monoterpene, an alkane 
and either 1-H-Inden-1-one or 1,8-dimethyltetralin. Without further testing of 
individual chemicals in olfactometry the EAG responses cannot be defined as 
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repellent or attractive but following Chapter 4, where females oviposited in or 
within 10 mm of S. hirsutum plugs and olfactometry, it is postulated they are 
attractants. This is further supported by extension of the ovipositor and 
probing while in beech with S. hirsutum arms of the olfactometer in synergy. 
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CHAPTER SIX 
 
 
AUTOCLAVED BEECH AS AN 
ALTERNATIVE TO AGAR: PROMOTING 
FUNGAL VOLATILES IN A FIELD 
SETTING 
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Abstract 
The use of artificial media i.e. agar with species-specific additional nutrients, 
is common practice in microbiological studies and with addition of antibiotics 
can increase selectivity. Wood decay fungi are effectively sub-cultured on 
malt extract agar (MEA) with added peptone as a nitrogen source or potato 
dextrose agar and there has been successful collection of head - space 
volatiles from wood decay fungi sub-cultured on MEA.  In Chapter 3, a new 
untested method was trialed in the field of autoclaved wood with endophytic 
fungi, instead of agar plate sub-cultured fungi. This method was trialed for 
three main reasons 1, fungal sub-cultured agar plates in field situations need 
regularly replacing due to ambient microbial spore establishment; 2, agar 
plates must be completely covered by fungal mycelium and 3, agar-fungal 
interaction can fail to produce important fungal volatiles. It was hypothesized 
that autoclaving beech would subdue or remove wood volatiles leaving fungal 
odours only for assessment of dead wood attraction by insects.  Using GC-
MS, treatment volatile organic compounds were compared between the 
different regimes. The treatments included natural and autoclaved beech, 
natural and autoclaved beech with either Stereum hirsutum (SH) or Eutypa 
spinosa (ES) and SH and ES singly sub-cultured on malt extract agar. Agar 
volatiles were also analysed. The results will be discussed herein. 
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6. 1 Introduction 
In Chapter 3, a new untested method was used in the field of autoclaved 
wood with endophytic fungi, instead of agar plate sub-cultured fungi. This 
method was trialed for three main reasons 1, fungal sub-cultured agar plates 
in field situations need regularly replacing due to ambient microbial spore 
establishment; 2, agar plates must be completely covered by fungal mycelium 
and 3, agar-fungal interaction can fail to produce important fungal volatiles. In 
Chapter 3 of those xylophagous and saproxylic species exhibiting a treatment 
preference, beech associated with Stereum hirsutum or combined with Eutypa 
spinosa were favoured. Therefore, to determine efficacy of the above 
favoured wood-fungi treatment, GC-MS of natural versus autoclaved 
treatments was undertaken by simple GC-MS total ion chromatogram (TIC) 
comparisons. In addition, the presence of the EAG response chemicals from 
Chapter 5 was assessed.  
 
A discrepancy is apparent when attempting to deconstruct wood / fungal 
interactions to determine the fungal metabolic volatile contribution. Many 
studies use artificial media to culture fungi and sample volatiles but these can 
elicit different fungal volatile organic profiles (Kahlos et al., 1994; Sunesson et 
al., 1995).  For example, 1-octen-3-ol, a common volatile in six week growth 
with fruiting bodies malt extract agar cultured fungal mycelium is missing in 
six-week-old aspen / brown rot fungal interactions (Korpi et al., 1999; Ewen et 
al., 2004). Care must be taken when extrapolating the volatile profiles from 
artificial media to the natural habitat (Bruce et al., 2004) but visual 
observations of fungi mycelial growth patterns under competitive conditions 
on agar are comparable (Wald et al., 2004). Alternatively, autoclaving is a tool 
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used in many fields of study to remove unwanted microbes by the use of 
steam sterilisation under pressure. It has been suggested to cause a release 
from wood blocks of trace nutrients beneficial to sub-cultured fungi who 
assimilate and thereby inhibit secondary fungal establishment (Hulme & 
Shields, 1972; Fryar et al., 2001), negating the need for regular replacement 
of agar / fungal plates in the field. Laboratory autoclaving does not 
deconstruct the wood so dramatically as retification / torrefaction used 
regularly in the wood industry against fungal infection (Hakkou et al., 2006; 
Windeisen, et al., 2007). 
 
Retification / torrefaction uses higher temperatures and longer exposure times 
compared to those used generally in laboratory autoclaving, 180 to 240oC for 
several hours (Rapp, 2001; Niemz et al., 2010), ca. 121oC 15 minutes to 1 
hour (Fryar et al., 2000, Hendry et al., 2002), respectively. The higher thermal 
range of retification / torrefaction has revealed in pine that hemicellulose, fatty 
acids and fats degrade first.  Lignin degradation and loss of arabinose, 
galactose, xylose and mannose sugars followed with cellulose affected at 
more extreme conditions (Weilland & Guyonnet, 2003; Niemz et al., 2010; 
Esteves et al., 2011). These methods are detrimental to fungal establishment 
but instructive on a suitable temperature range in an autoclave. Comparison 
of Scots pine volatile organic compounds from air-dried and heat-treated 
wood samples at 230
o
C for 24 hours, indicated terpenes were the dominant 
group in air-dried pine. Heat-treated samples contained only 14 compounds 
compared with air-dried 41 and it is suggested that monoterpenes and other 
low molecular weight compounds evaporate during the heat process 
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(Manninen et al., 2002). Autoclaving therefore is a method worth investigating 
as an alternative to fungi on agar to express only fungal volatiles.  
Objective: 
 To assess, via GC-MS, whether the volatile profiles of autoclaved wood 
/ fungal combinations are a viable alternative for expressing fungal 
volatiles, in the field, compared to sub-cultured fungi on agar plates. 
Hypothesis: 
 The chemical profile indicates combined autoclaved wood and fungus 
is a viable alternative to agar-plated fungi for field experimentation 
 
6. 2 Method  
Wood blocks approximately 25 x 15 x 10 mm were cut and debarked from 
High Standing Hill, Windsor UK, in winter 2011, from 50-60 mm diameter 
healthy branches of recently felled beech, Fagus sylvatica. Autoclaved beech 
and natural beech blocks were prepared and sub-cultured as in Chapter 3. 
Treatments included natural beech with Stereum hirsutum, S. hirsutum sub-
cultured on malt extract agar (MEA), autoclaved beech with S. hirsutum, 
natural beech with Eutypa spinosa, E. spinosa sub-cultured MEA and 
autoclaved beech with E. spinosa. Each treatment had four replicates. Volatile 
sampling was as section 5.2.5 in Chapter 5. GC-MS analysis was undertaken 
using the same equipment and protocols as explained in Chapter 5. The two 
treatment regimes for all combinations were of comparable age to those used 
in Chapter 5, GC-EAG, allowing EAG response chemicals assessment. 
Kovats retention index was calculated as in Chapter 5 and GC-MS total ion 
chromatograms (TIC) were compared between treatments.  
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6. 3 Results 
The total numbers of GC-MS signal peaks generated and detected for each 
treatment are shown in Table 6.1 and Figures 6.1 to 6.6. Natural treatment 
refers to non-autoclaved beech. System contaminant retention times have 
been removed from data in Table 6.1 & 6.2 and highlighted by arrow Figures 
6.1 to 6.7. Agar volatile peaks were extremely small and hidden within the 
background noise where the GC-MS was unable to resolve chemical 
identification. 
 
Table 6.1 Number of detected GC-MS signal peaks for autoclaved and natural beech 
treatments and agar sub-cultured endophytic fungi. 
 
Natural 
treatments 
Number of 
signal peaks 
Autoclaved 
treatments 
Number of 
signal peaks 
Natural 
treatments 
Number        
of signal 
peaks 
 
 
SH on agar 45 Beech + SH 18    Beech + SH 60 
ES on agar 15 Beech + ES 13     Beech + ES 14 
Beech 37 Beech 22   
Agar 9     
SH = Stereum hirsutum. ES = Eutypa spinosa.  
 
The above table (Table 6.1) illustrates the differences in profile chemical 
peaks produced, showing SH on agar producing twenty-seven more peaks 
than autoclaved beech with SH and ES on agar possessing two more peaks 
than ES on autoclaved beech. The number of GC-MS spectra (shown as 
Kovats RI) in common between treatment pairs is shown in Table 6.2.  Eutypa 
spinosa treatments had no chemical peaks or spectra in common. Chemical 
identification at family level was unsuccessful.
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Figure 6.1 GC-MS trace of organic volatile compounds in treatments SHN (S. hirsutum on natural beech), SHA (S. hirsutum on autoclaved beech), SH (S. hirsutum on agar). 
Also natural beech and agar are included. The arrows indicate system contaminant peaks. 
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Figure 6.2 GC-MS trace highlighting time that produced greatest number of chemical peaks in SHN (beech with S. hirsutum) and SH (S. hirsutum on agar) and comparing 
those with SHA (autoclaved beech with S. hirsutum) and natural beech.  
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Figure 6.3 GC-MS total ion chromatogram of organic volatile peaks for natural beech, with arrows designating system contaminants. Time is in decimal minutes. 
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Figure 6.4  GC-MS total ion chromatogram of organic volatile peaks for autoclaved beech, with arrows designating system contaminants. Time is in decimal minutes. 
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Figure 6.5 GC-MS total ion chromatogram of organic volatile peaks for natural beech sub-cultured with Eutypa spinosa, with arrows designating system contaminants. Time is in 
decimal minutes. 
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Figure 6.6 GC-MS total ion chromatogram of organic volatile peaks for autoclaved beech sub-cultured with Eutypa spinosa, with arrows designating system contaminants. Time is 
in decimal minutes.  
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Figure 6.7 GC-MS total ion chromatogram of organic volatile peaks for Eutypa spinosa sub-cultured on agar, with arrows designating system contaminants. Time is in decimal 
minutes. 
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Table 6.2 Kovats retention index of corresponding chemical peaks identified following 
comparison between treatment pair profiles. Included is percentage difference in 
abundance of identified peaks noted between pairs. 
 
Beech vs. auto beech SH on agar vs. 
SH on auto beech 
 
SH on auto beech vs.  
natural beech 
Kovats 
RI 
Difference in 
abundance 
Kovats 
RI 
Difference in 
abundance 
Kovats 
RI 
Difference in 
abundance 
 
1085 

 73% B 
 
1377 

 29% SH on agar 
 
1377 
 
Equal 
1311  77% B 1404 Equal 1461  50% SH auto 
1319  77% B 1461   72% SH on agar   
1330  75% B    
1347  52% B    
1377  39% B    
1461  50% AB    
1510  57% B    
 
The results show that of the thirty-seven chemical peaks in natural beech, 
eight coincide in autoclaved beech. Of these, seven have increased 
abundance in natural beech compared with autoclaved beech. Interestingly, 
autoclaved beech with S. hirsutum only produces a total of eighteen peaks of 
which only two are correspondingly found in the agar sub-cultured alternative, 
that produces forty-five chemicals. In addition, no congruence was noted 
between, autoclaved beech with S. hirsutum and natural beech with S. 
hirsutum or for autoclaved beech with E. spinosa and natural beech with E. 
spinosa, showing that combined autoclaved sub-cultured samples were not 
mere duplicates of natural combined samples. The remaining fifteen volatiles 
in autoclaved beech with S. hirsutum and all of E. spinosa on autoclaved 
beech were exclusive to these treatments. Clearly, autoclaved beech with 
sub-cultured S. hirsutum or E. spinosa does not promote their natural fungal 
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volatiles. In addition, EAG response volatiles were missing from the 
autoclaved beech / S. hirsutum complex. 
 
 
6.4 Discussion 
The use of artificial media i.e. agar with species-specific additional nutrients, 
is common practice in microbiological studies (Kwaśna & Bateman, 2006; 
Tomaso et al., 2005; Vartoukian et al., 2010; Sánchez-Hidalgo et al., 2012) 
and with addition of antibiotics can increase selectivity (Kawanishi et al., 
2009). Wood decay fungi are effectively sub-cultured on malt extract agar 
(MEA) with added peptone as a nitrogen source or potato dextrose agar 
(PDA) (Ewen et al., 2004; Heilmann-Clausen & Boddy, 2005; Evans et al., 
2008; Šnajdr et al., 2011). Evans et al. (2008) demonstrated successful 
collection of head - space volatiles from wood decay fungi sub-cultured on 
MEA. The present studies intention was to provide a new method where wood 
volatiles were subdued or removed leaving only fungal volatiles thereby 
assessing the role fungi play in dead wood attraction. The studies results 
showed that agar sub-cultured S. hirsutum produced forty-five volatile peaks 
compared with autoclaved beech with S. hirsutum eighteen. Of the eighteen 
VOCs produced only three volatiles coincided with SH and of those, two 
exhibited lower abundance. Two of the volatiles were also found in natural 
beech and autoclaved beech. A comparison between natural beech and 
autoclaved beech with S. hirsutum VOCs showed no volatiles in common and 
Figure 6.1 illustrates the much-reduced VOC profile of S. hirsutum on 
autoclaved against natural beech with fungus. Eutypa spinosa in the various 
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treatment regimes produced on average 14 VOCs but none of the treatments 
had volatile peaks in common. Compared with S. hirsutum, E. spinosa is a 
slow colonizer and the reduced number of volatiles may reflect this (Hendry et 
al., 1993).   
Natural beech (without fungi) produced thirty-seven volatile organic 
compounds (VOC) compared to twenty-two in autoclaved beech (without 
fungi). Of those, eight were found in both treatments but at a lower abundance 
in autoclaved beech. The difference between natural beech and autoclaved 
beech maybe attributed to wood inhabiting bacteria (Clausen, 1995) otherwise 
destroyed by autoclaving, with the remaining fifteen VOCs of autoclaved 
beech proposed to be a product of structural changes by the steam 
sterilisation technique. The differences between natural beech with either S. 
hirsutum or E. spinosa and autoclaved treatments suggest that apart from 
volatile production from substrate nutritional acquisition other volatiles from 
natural treatments may be associated with competition and between other 
microbial organisms.  
 
The disparity between agar sub-cultured volatiles and autoclaved wood with 
fungi does not prove conclusively that agar is the best choice of treatment for 
fungal only volatiles it merely illustrates that fungi are capable of producing 
different volatiles according to their substrate interaction. Investigations using 
the white rot fungal Phanerochaete genus shows that genes encoding 
cellulases and hemicellulases are regulated by the carbohydrate source whilst 
those for lignin are regulated by nutritional availability, oxygen and metal ions 
(MacDonald et al., 2012). Therefore, varying substrate structural and chemical 
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characteristics induce changeable enzymatic pathways and likewise organic 
volatiles, as illustrated by agar versus autoclaved wood sub-cultured fungi. 
This may also go some way in explaining the variation of volatiles produced 
between the four replicates of beech with S. hirsutum in Chapter 5 and 
variability within host sources. 
 
Although the autoclaved treatments produced a different VOC profile to that of 
agar sub-culturing and natural wood/fungal sub-culturing, Chapter 3 shows 
that insects were trapped in autoclaved treatments, as illustrated by Figure 
3.3 (mean treatment numbers trapped for xylophagous beetles) and Figure 4 
(mean treatment numbers trapped for parasitoid wasp subfamilies associated 
with wood hosts). This suggests that xylophagous beetles and their parasitoid 
wasps either possess an ability to detect a wide range of volatiles produced 
by varying gene induced fungal pathways or random landing behaviour 
trapped individuals.  In addition, with only three endophytic fungal species and 
two tree species trialed in Chapter 3, the different VOCs emitted by 
autoclaving may have been representative of other host fungal/tree 
interactions and further research is required. Interestingly, the sparse 
research in volatile organic compound profiles from wood / decay fungal 
interactions, notes a variation of chemicals quantities (ng/l) emitted by 
different wood / decay fungal combinations in irradiated aspen or variously 
aged pine with either brown rot fungi Coniophora puteana (CP), Poria 
placenta (PP) or Serpula lacrymans (SP) (Korpi et al., 1999). For example, 
formaldehyde measured 22 CP, 25 PP and 247 ng/l SP; decanal 17 CP, 4 PP 
and undetected in SP; butanone 14 CP, 105 PP and 29 SP (Korpi et al., 
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1999). In support of this theory, the four xylophagous beetle species and three 
parasitoid wasp subfamilies/species who showed a treatment preference (S. 
hirsutum on natural beech) in Chapter 3 showed least attraction to the 
autoclaved wood-fungal VOCs. In addition, Chapter 5 highlighted that insects 
do not necessarily require all volatiles emitted by a host to elicit a response, 
for example, of sixty S. hirsutum on natural beech VOCs Ruptela maculata 
females responded to just six in GC-EAG. This suggests that the autoclaved 
volatiles present, in particular the three complimentary S. hirsutum on 
autoclaved beech VOCS although a lower abundance compared to natural 
treatments, may have been sufficient to prompt landing behaviour in certain 
saproxylic individuals. 
 
The elaterid beetle Agriotes pallidulus was the only insect to be found 
preferentially trapped in autoclaved treatments, E. spinosa on autoclaved 
beech and S. hirsutum and E. spinosa on autoclaved beech (Chapter 3). This 
species is not saproxylic and larvae feed on grass root systems; therefore, it 
may seem strange to trap such a species however, other biological systems 
can emit the same chemicals. For example, acetaldehyde and isoprene 
emitted by ectomycorrhizal fungi, decomposing pine and stressed trees and 
benzaldehyde from S. hirsutum are all organic volatile compounds emitted by 
grasses (Kesselmeier & Staudt, 1999; Bai et al., 2006; Evans et al., 2008;  
Bäck et al., 2010). This indicates that concentrations/ ratios of the volatiles 
produced by autoclaved beech with fungi maybe found in other biological 
systems.  
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6.4.1 Conclusion 
 
The efficacy of removing wood volatiles by autoclaving and then sub-culturing 
fungi to promote fungal only VOCs is unresolved and the hypothesis is neither 
rejected nor accepted. Fungal gene regulation of enzymatic pathways induced 
by substrate characteristics suggests that isolating and promoting decay 
fungal only volatiles is not straightforward. It also implies that early decay 
stage saproxylic xylophagous beetles and their parasitic wasps may possess 
the ability to detect a wider range of volatile cues. In addition, interpreting 
results of insect attraction to agar-fungal plates in field situations must be 
approached with caution. Separating fungal volatiles from wood maybe moot 
with regard to xylophagous beetle and parasitoid wasp attraction, as shown in 
Chapter’s 3, 4 and 5 results. Sub-culturing fungi on agar to promote fungal 
VOCs in the absence of wood volatiles is the method at present in producing 
a number of varied volatile organic compounds although it has been noted 
that important chemicals may still be missing (Kahlos et al., 1994; Sunesson 
et al., 1995; Korpi et al., 1999; Ewen et al., 2004). Only three endophytic 
fungal species and two tree species were trialed in Chapter 3 and therefore 
the different VOCs emitted by the autoclaved treatments may have been 
representative of other fungal and habitat cues or other host fungal/ tree 
interactions and further research is required. 
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7.2 Discussion 
 
 
7.2.1 Principal findings 
 
The principal findings of this thesis are that wood-fungal interaction volatiles of 
the ephemeral early decay stage provide important olfactory host resource 
cues for saproxylic xylophagous beetles and their parasitoid wasps. Fungi, 
and in particular, endophytic fungi, were shown to be a key component of the 
early stage xylophagous food web through volatile production, and as 
nutritional support evidenced by oviposition choice, olfactometry, GC-EAG 
and GC-MS analysis. 
 
Chapter 3: Volatile attraction of sapro-xylophagous beetles and their 
parasitoid wasps to early decay stage wood-fungal volatiles 
 
 First evidence of volatile attraction by sapro-xylophagous coleoptera 
Melasis buprestoides (Eucnemidae), Hedobia imperialis (Anobiidae) 
and Anaspis frontalis (Scraptiidae) to Stereum hirsutum on beech, and 
secondary sapro-xylophage Trixagus carinifrons (Throscidae) to beech 
with S. hirsutum and Eutypa spinosa combined. 
 Also new to science, the volatile attraction of saproxylic endoparasitoid 
wasp genus Blacus (Blacinae) and saproxylic subfamily Proctotruipinae 
to S. hirsutum or S. hirsutum with E. spinosa on beech, respectively 
(hosts - sapro-xylophagous coleopteran larvae). In addtion the 
possibility of unknown dead wood hosts for Belytinae (Diapriidae) and 
abundant endoparasitoid wasp, Spilomicrus hemipterus (Diapriidae) 
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(hosts – Diptera of fungi & decay vegetation) following a preference to 
S. hirsutum and S. hirsutum with E. spinosa on beech, respectively.  
 Lambda cyhalothrin and /or disruptive visual cues from the newly 
designed traps are suggested for low abundance of trapped 
Cerambycidae, represented by 48 individuals from 11 species. 
 
Chapter 4: Attraction of pioneer sapro-xylophagous beetles, especially 
cerambycids, to fungal inoculated beech logs 
 
 Two cerambycid species Rutpela maculata and Phymatodes testaceus 
showed oviposition preference. 
 Rutpela maculata showed a preference for Stereum hirsutum treatment 
logs, ovipositing 0 to 10 mm from fungal plug, in end sections. Dual 
fungal logs (S. hirsutum and E. spinosa plugs) were only used in sun 
sites under same preferences above, suggesting gravid females seek 
microhabitat conditions conducive to S. hirsutum growth and survival, 
when under competition. The results suggest S. hirsutum provides 
important nutritional support to the larvae in this challenging substrate. 
 Phymatodes testaceus preferred S. hirsutum treatment logs, 
ovipositing 10 – 20 mm from fungal plug in sun site end sections. 
Distance from plug and horizontal boring in cambial layer suggest a 
more flexible fungal nutritive support. 
 Whole log and section moisture content was higher in sun sites 
compared to shade site logs. Stereum hirsutum can tolerate high 
moisture conditions and is pertinent to Rutpela maculata’s ovipositing 
choice in dual fungal treatment logs. 
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 Rutpela maculata are generically associated with “white rot” fungi, but 
this study is the first to associate a species. 
 Ovipositing Stenogostus rhombeus (Coleoptera: Elateridae), whose 
larva are predators of cerambycid larvae, demonstrated the same 
preferences as Rutpela maculata and Phymatodes testaceus, 
supporting the importance of resource volatle attraction and suggesting 
coevolution of predator-prey. 
 
Chapter 5: Beech (Fagus sylvatica) and Stereum hirsutum 
(Basidiomycete) volatile attraction to Rutpela maculata Poda 
(Coleoptera: Cerambycidae) 
 
 Olfactometry and GC-EAG provided the first evidence of a sapro-
xylophagous beetle olfactory attraction to a host resource, and the 
importance of endophyi fungi. 
 Rutpela maculata gravid females showed a strong preference for 
beech with S. hirsutum in olfactometry and was further supported 
by extension and probing of the ovipositor and deposition of a fluid 
droplet within the preferred olfactometer arm. 
 GC-EAG confirmed gravid female response to six volatiles eluting 
from beech with S. hirsutum treatment.  
 GC-MS retention times compared with beech and S. hirsutum singly 
suggest the alkane and a sesquiterpene are common to both, 
putatively 1-H-Inden-1-one / dimethyltetralin and another 
sesquiterpene are S. hirsutum based whilst, a monoterpene and 
final sesquiterpene are a product of beech - S. hirsutum interaction. 
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Chapter 6: Autoclaved beech as an alternative to agar: promoting fungal 
volatiles in a field setting. 
 
 GC-MS demonstrated the disparity of organic volatiles and number 
produced by S. hirsutum on different substrates. 
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Figure 7.1 Summary of thesis findings (green circles), concluding remarks and management 
implications (red). 
 
Coleoptera Endophytic Fungi Parasitoid 
Hymenoptera 
Wood-fungal attraction of saproxylic 
xylophagous beetles, especially cerambycids, 
and their parasitoid wasps, to early wood decay 
Chapter 3: Host 
searching behaviour: 
volatiles 
Chapter 3: Novel 
fungal-substrate 
volatiles 
Chapter 3: Host 
searching behaviour: 
resourse volatiles 
Natural wood-
fungal olfactory 
host attraction 
No preference for 
fungi on 
autoclaved wood 
Host resource 
olfactory 
attraction 
Confirmed by 
host beetle 
attracion 
Koinobiont 
fitness 
advantage 
Chapter 4: Fungal 
influence on 
oviposition choice 
Two cerambycids spp. 
oviposit within or very 
near fungal plugs 
Choose abiotic 
conditions promoting 
fungal survival 
Fungi provide larval 
nutrition 
Chapter 5: Host volatile 
influence on gravid R. 
maculata (Chapter 4) 
Olfactometry, GC-EAG 
& GC-MS confirm 
olfactory attraction. Six 
volatile chemicals 
identified 
Endophytic decay fungi are a key 
component of the xylophagous food 
web, contributing volatiles and 
nutritive support in earl y wood 
decay habitat 
Conservation Management: 
Species-specific wood-fungal volatile baits or lures 
for reliable surveys, species specific fungal 
inoculated CWD to maintain populations. 
Commercial Forestry: 
Promotion of CWD with fungal inoculates 
attractive to sapro-xylo beetles and their parasitoid 
wasps, many of whom have a range of hosts or 
taxa, including forestry pest species.   
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7.2.2 Management implications 
 
This thesis has opened a new, exciting and important area of research with 
the potential to radically improve conservation management and employ a 
more holistic approach. These insights bring together the disparate research 
conducted individually on wood decay fungi, saproxylic xylophagous beetles 
and their parasitoid wasps and may also dispute some findings such as 
positional use by Phymatodes testaceus (Irmler et al., 1996; Shiegg, 2000; 
Norden & Paltto, 2001; Shaw & Hochberg, 2001; Kappes & Topp, 2004; 
Norden et al., 2004; Sippola et al., 2004; Hilszcznski et al., 2005; Shaw, 2005; 
Irsenaite et al., 2006; Müller et al., 2006; Odor et al., 2006; Vanderwel et al., 
2006; Jonsell et al., 2007; Lonsdale et al., 2008; Muller et al., 2008; Ohsawa, 
2008; Vodka et al., 2008; Brunet & Isacsson, 2009 a, b; Fossestol & 
Sverdrup-Thygeson, 2009; Shelly et al., 2009; Vodka et al., 2009; Buse et al., 
2010; Foit, 2010; Horák et al., 2010; Pouska et al., 2010; Stenbacka et al., 
2010; Torjorn et al., 2010; Ulyshen et al., 2011). 
 
Although only two tree and three endophytic fungal species were used in this 
thesis the potential of other wood-fungal combinatorial attractions cannot be 
underestimated, for which this study provides a template. Evidence on this 
understudied area was highlighted by a paucity of ecological and biological 
information on those trapped, however assimilating data from other familial 
and genus species supports their olfactory substrate attraction (Burakowsky, 
1975; Hoebeke, 1978; Kukor et al., 1988; Burakowski & Bucholtz, 1989; Shaw 
& Huddleston, 1991; Williams et al., 1992; Belokibylskii, 1995; Belmain et al., 
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2001; Alexander, 2002; Müller et al., 2008; Muona & Teräväinen, 2008; 
Levey, 2009; Grünwald et al., 2010; Barnard, 2011).  
 
The utility of wood-fungal volatile attraction has far-reaching effects both in 
conservation and commercial timber management from surveys to inoculation 
of fungal species. For example, commercial lumberyards will be able to 
monitor, via wood-fungal volatile lures, for potentially damaging sapro-
xylophagous beetles of recent felled bolts. In addition, commercial foresters 
confidence in leaving woody debris in-situ, will be enhanced, benefiting 
conservation, if known wood-fungal species are shown attractive to non-pest 
xylophagous beetles. Further, parasitoid wasps species of saproxylics, many 
of which utilize a range of hosts and even taxa, including pest species, 
(Haeselbarth, 1973; Tobias, 1986; Achterberg, 1988; Shaw & Huddleston, 
1991) will provide beneficial biocontrol from a steady supply of host habitat.  
 
 Volatiles would add specificity either by baits or chemical lures, rather than a 
“catch all” passive system, negating the distorting effects of dispersing 
saproxylics that may not be representative of the habitat under study. 
Understanding host volatile attraction improves confidence in data and can 
aid determination of pioneer saproxylic dispersal abilities, noted to effect 
subsequent successional stage biodiversity (Weslien et al., 2011). Further, 
more numerous studies focused on pest xylophagous beetles and bio-control 
wasps show host volatiles form an important behavioural element in host 
location and endorse early decay stage host detection  (Byers, 1992; Vrko et 
al., 2000; Ginzel & Hanks, 2004; Holighaus, 2006). Godfray (1994) notes that 
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koinobiont endoparasitoid wasps are poorer competitors compared with 
idiobiont ectoparasitoids.  Their host range is narrow as a consequence of 
evolving mechanisms capable of negating host larval internal defence 
strategies, and subsequently, increases search time compared with 
generalists, which undertake random-landing searching behaviour (Ngumbi, 
2010; Peters, 2011).   
 
Further investigations are essential if we are to realise the full potential of this 
approach not only in the early decay habitat, but also at later decay stages. In 
conservation management / commercial forestry the potential to inoculate 
CWD to attract specific species or provide species-specific volatile traps for 
survey work cannot be underestimated and will become a vital management 
component in both settings.  
 
 
7.2.3 Further research 
 
As a new area of research more studies are required to open up the 
xylophagous food web, in particular, attraction and use of the substrate with 
respect to endophytic fungi and further research is listed below:  
 Investigate quiescient endophytic decay fungal species of healthy 
trees, in particular oak and beech, in the UK, by use of an incremental 
borer and sub-culturing. At present, only two studies have carried out 
research in this area (Oses et al., 2008; Parfitt et al., 2010). The results 
are essential for further wood-fungal analysis of early stage decay. 
 To expand on this thesis, research the volatile attraction and/or 
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oviposition preference of saproxylic xylophagous beetles and their 
parasitoid wasps to other known endophytic fungal and tree species. 
 To establish whether Stereum hirsutum is the key component that 
allows Rutpela maculata polyphagous larvae to inhabit other tree 
species, Stereum hirsutum should be sub-cultured on various recently 
deceased host trees by repeating the log experiment or an oviposition 
choice test in the laboratory. Rutpela maculata are generically 
associated with white rot fungi and this is the first study to name a 
fungal species. Depending on the results it should be followed with GC-
EAG and GC-MS. 
 Rutpela maculata larvae were closely associated with Stereum 
hirsutum plugs and are postulated to ingest the fungi either as food or 
as a nutritional aid.  Therefore, analysis of gut contents will determine 
the relationship. 
 Investigate, through larval genetic analysis or mark-release-recapture, 
Rutpela maculata oviposition behaviour i.e. the “eggs all in one basket” 
hypothesis. 
 Investigate the ovipositor droplet released by Rutpela maculata noted 
in olfactometry. 
  Unfortunately, this thesis failed to successfully rear parasitoids from 
maintained cerambycid larvae in Chapter 4, and was therefore unable 
to take specimens forward for olfactometry and GC-EAG. Although, 
two subfamilies showed volatile attraction it is important to confirm, and 
a further log study of greater duration i.e. two to three years may offer 
up individuals for testing. 
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 The baited trap experiment although successful, did appear to possess 
repellent qualities to cerambycids and possibly parasitoid wasps, 
therefore, following the fundamentals of this study of low odour 
components, different pesticides and/or a blackened bottle to negate 
visual repellency, should be trialed. In addition, random landing 
behaviour of cerambycids would suggest that grouping baited traps of 
the same treatment could improve numbers trapped. 
 Finally, baited traps of Chapter 3 were presented at only one site and it 
would be interesting to establish whether the same assemblage of 
beetles and wasps are attracted at a different location. 
 
 
 
 
 
 
 
 
 
 
 
 
 244 
REFERENCES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 245 
Aak, A. & Knudsen, G.K. (2011) Sex differences in olfaction-mediated visual 
acuity in blowflies and its consequences for gender-specific trapping. 
Entomologia Experimentalis et Applicata, 139, 25 – 34. 
 
Acuna, M.A. & Murphy, G. (2006) Geospatial and within tree variation of wood 
density and spiral grain in Douglas-fir. Forest products Journal, 56, 81 - 85. 
 
Ainsworth, A.M. (2004) Natural England BAP fungi handbook. Report number 
600. 
 
Alban, D.H. & Pastor, J. (1993) Decomposition of aspen, spruce and pine 
boles on two sites in Minnesota. Canadian Journal of Forest Research, 23, 
1744 – 1749. 
 
Alexander, K.N.A. (2002) The invertebrates of living & decaying timber in 
Britain and Ireland-a provisional annotated checklist. English Nature Research 
Reports, Number 467. 
 
Alfredsen, G., Solheim, H., & Slimestad, R. (2008) Antifungal effect of bark 
extracts from some European tree species. European Journal of Forest 
Research, 127, 387 – 393. 
 
Allison, J.D., Borden, J.H., McIntosh, R.L., de Groot, P., & Gries, R. (2001) 
Kairomonal response by four Monochamus species (Coleoptera: 
Cerambycidae) to beak beetle pheromones. Journal of Chemical Ecology, 27, 
633 – 646. 
 
Allison, J.D., Morewood, W.D., Borden, J.H., Hein, K.E., & Wilson, I.M (2003) 
Differential bio-activity of Ips and Dendroctonus pheromone components for 
Monochamus clamator and M. scutellatus (Coleoptera: Cerambycidae).  
Environmental Entomology, 32, 23-30. 
 
Allison, J.D., Borden, J.H., Seybold, S.J. (2004) A review of the chemical 
ecology of the Cerambycidae (Coleoptera). Chemoecology, 14, 123-150. 
 
Aly, A.H., Debbab, A., & Proksch, P. (2011) Fungal endophytes: unique plant 
inhabitants with great promise. Applied Microbiology and Biotechnology, 90, 
1829 – 1845. 
 
Amat, I., Castelo, M., Desouhant, E., & Bernstein, C. (2006) The influence of 
temperature and host availability on the host exploitation strategies of sexual 
and asexual parasitic wasps of the same species. Oecologia, 148, 153 – 161. 
Anbutsu, H. & Togashi, K. (2002) Oviposition deterrence associated with 
larval frass of the Japanese pine sawyer, Monochamus alternatus, 
(Coleoptera: Cerambycidae). Journal of Insect Physiology, 48, 459 – 465. 
 
Arnett, R.H., Thomas, M.C., Skelley, P.E., Frank, J.H., eds. (2002) American 
Beetles, Volume II: Polyphaga: Scarabaeoidea through Curculionoidea. CRC 
Press LLC, Boca Raton, Fl, USA. 
 246 
 
Arora, D.K., Ajello, L., Muckerji, G. (1991) Handbook of applied mycology, 1, 
51p. 
 
Aschehoug, E.T., Metlen, K.L., Callaway, R.M., & Newcombe, G. (2012) 
Fungal endophytes directly increase the competitive effects of an invasive 
forb. Ecology, 93, 3 – 8. 
 
Askew, R.R., Shaw, M.R. (1985) Parasitoid communities: their size, structure 
and development. 13th Symposium of the Royal Entomological Society of 
London (eds. Greathead, D.J., Waage, J.K.), Imperial College London, 
London. 
 
Bäck, J., Aaltonen, H., Hellén, H., Kajos, M.K., Patokoski, J., Taipale, R., 
Pumpanen, J., Heinonsalo, J. (2010) Variable emissions of microbial volatile 
organic compounds ( MVOCs) from root-associated fungi isolated from Scots 
pine. Atmospheric Environment, 44, 3651 - 3659. 
 
Bai, J., Baker, B., Liang, B., Greenberg, J., & Guenther, A. (2006) Isoprene 
and monoterpene emissions from an Inner Mongolia grassland. Atmospheric 
Environment, 40, 5753 - 5758. 
 
Baldrian, P. & Valásková, V. (2008) Degradation of cellulose by 
basidiomycetous fungi. FEMS Microbial Review, 1 - 21. 
 
Barata, E.N. & Araujo, J. (2001) Olfactory orientation responses of the 
eucalyptus woodborer, Phoracantha semipunctata, to host plant in a wind 
tunnel. Physiological Entomology, 26, 26 – 37. 
 
Barker, J.S. (2008) Decomposition of Douglas-fir coarse woody debris in 
response to differing moisture content and initial heterotrophic colonization. 
Forest Ecology and Management, 255, 598 – 604. 
 
Barnard, P.C. (2011) The Royal Entomological Society Book of British 
Insects. John Wiley & Sons, Ltd., Publication. 
 
Barron, A.B. (2001) The Life and Death of Hopkins’ Host-Selection Principle. 
Journal of Insect Behavior, 14, 725 – 737. 
 
Bässler, C., Müller, J., Dziock, F., & Brandl, R. (2010) Effects of resource 
availability and climate on the diversity of wood-decaying fungi. Journal of 
Ecology, 98, 822 – 832. 
 
Baum, S., Sieber, T.N., Schwarze, F.W.M.R., & Fink, S. (2003) Latent 
infections of Fomes fomentarius in the xylem of European beech (Fagus 
sylvatica). Mycological Progress, 2, 141 – 148. 
 
Baumgart, E.A.I. (2009) Parasitoids and beetles of decaying wood: the role of 
fungi and volatiles. P.h.D., Imperial College London, London. 
 
 247 
Belmain, S.R., Simmonds, M.S.J., Blaney, W.M. (2002) Influence of odour 
from wood-decaying fungi on host selection behaviour of deathwatch beetle, 
Xestobium rufovillosum. Journal of Chemical Ecology, 28, 741-753. 
 
Belokobylskii, S.A. (1995) New and rare species of the genus Blacus 
Hymenoptera: Bracondiae) from the Russian Far East. European Hournal of 
Entomology, 92, 449 – 467. 
 
Benisch, C. (2009) Beetles (Coleoptera) of the German beetle fauna. 
http://www.kerbtier.de/enindex.html 
 
Benton, R., Sachse, S., Michnick, S.W., & Vosshall, L.B. (2006) Atypical 
membrane topology and heteromeric function of Drosophila odorant receptors 
in vivo. PLoS One, 4, 240 – 257. 
 
Berbee, M.L. & Taylor, J.W. (1993) Dating the evolutionary radiations of true 
fungi. Canadian Journal of Botany, 71, 1114 – 1127. 
 
Berbee, M.L. & Taylor, J.W. (2007) Rhynie Chert: a window into a lost world 
of complex plant-fungus interactions. New Phytologist, 174, 475 – 479. 
 
Bhandawat, V., Olsen, S.R., Gouwens, N.W., Schlief, M.L., & Wilson, R.I. 
(2007) Sensory processing in the Drosophila antennal lobe increases 
reliability and separability of ensemble odor representatives. Nature 
Neuroscience, 10, 1474 – 1482. 
 
Biessmann, H., Andronopoulou, E., Biessmann, M.R., Douris, V., Dimitratos, 
S.D., Eliopouos, E., Guerin, P.M., Iatrou, K., Justice, R.W., Krober, T., 
Marinotti, O., Tsitoura, P., Woods, D.F., & Walter, M.F. (2010) The Anopheles 
gambiae odorant binding protein 1 (AgamOBP1) mediates indole recognition 
in the antennae of female mosquitoes. PLOS One, 5, 1 – 8. 
 
Bílý, S. & Mehl, O. (1989) Longhorn beetles (Coleoptera, Cerambycidae) of 
Fennoscandia and Denmark. E.J.Brill / Scandinavian Science Press Ltd. 
Biological Records Centre (2008) Cerambycidae. Centre for Ecology and 
Hydrology. Natural Environmental Research Council, UK. 
 
Bittleston, L.S., brockmann, F., Weislo, W., & Van Bael, S.A. (2011) 
Endophytic fungi reduce leaf-cutting ant damage to seedlings. Biology Letters, 
7, 30 – 32. 
 
Blackwell, A., Dyer, C., Mordue, A.J., Wadhams, L.J., & Mordue, W. (1996) 
The role of 1-octen-3-ol as a host-odour attractant for the biting midge, 
Culicoides impunctatus Goetghebuer, and interactions of 1-octen-3-ol with a 
volatile pheromone produced by parous female midges. Physiological 
Entomology, 21, 15 -19. 
 
Boone, C.K., Six, D.L., Zheng, Y., & Raffa, K.F. (2008) Parasitoids and 
Dipteran Predators Exploit Volatiles from Microbial Symbionts to Locate Bark 
 248 
Beetles. Environmental Entomology, 37, 150 -161. 
Bouget, C. (2005a) Short-term effect of windstorm disturbance on saproxylic 
beetles in broadleaved temperate forests Part I: Do environmental changes 
induce a gap effect? Forest Ecology and Management, 216, 1-14. 
 
Bouget, C. (2005b) Short-term effect of windstorm disturbance on saproxylic 
beetles in broadleaved temperate forests Part II: Effects of gap size and gap 
isolation. Forest Ecology and Management, 216, 15 - 27.  
 
Brattli, J.G., Andersen, J.M & Nilssen, A.C. (1998) Primary attraction and host 
tree selection in deciduous and conifer living Coleoptera: Scolytidae, 
Curculionidae, Cerambycidae and Lymexylidae. Journal of Applied 
Entomology, 122, 345 – 352. 
 
Bruce, A., Srinivasan, U., Staines, H.J., & Highley, T.L. (1995) Chitinase and 
laminarinase production in liquid culture by Trichoderma spp. and their role in 
biocontrol of wood decay fungi. International Biodeterioration and 
Biodegradation, 35, 337 – 353. 
 
Bruce, A., Verrall, S., Hackett, C.A., & Wheatley, R.E. (2004) identification of 
volatile organic compounds (VOCs) from bacteria and yeast causing growth 
inhibition of sapstain fungi. Holzforschung, 58, 193 – 198. 
 
Bruce, T.J.A., Wadhams, L.J., Woodcock, C.M. (2005) Insect host location: a 
volatile situation. TRENDS in Plant Science. 10, 269-274. 
 
Brundrett, M.C. (2002) Coevolution of roots and mycorrhizas of land plants. 
New Phytologist, 154, 275 – 304. 
 
Brunet, J. & Isacsson, G. (2009a) Restoration of beech forest for saproxylic 
beetles-effects of habitat fragmentation and substrate density on species 
diversity and distribution. Biodiversity and Conservation. 18, 2387-2404. 
 
Brunet, J. & Isacsson, G. (2009b) Influence of snag characteristics on 
saproxylic beetle assemblages in a south Swedish beech forest. Journal of 
Insect Conservation. 13, 515-528. 
 
Brüstle, L & Muona, J. (2009) Life-history studies versus genetic markers-the 
case of Hylochares cruentatus (Coleoptera: Eucnemidae). Journal of 
Zoological Systematics and Evolutionary Research, 47, 337 - 343. 
 
Buchel, K., Malskies, S., Mayer, m., Fenning, T.M., Gershenzon, J., Hilker, 
M., & Meiners, T. (2011) How plants give early herbivore alert: Volatile 
terpenoids attract parasitoids to egg-infested elms. Basic and Applied 
Ecology, 12, 403 – 412. 
Burakowski, B. (1975) Development, distribution and habits of Trixagus 
dermestoides (L.), with notes on the Throscidae and Lissomidae (Coleoptera, 
Elateroidea). Annal. Zool., 32, 375 - 405.  
 249 
Burakowski, B. & Buchholz, L. (1991) Review of the European species of the 
genus Hylis Gozis (Coleoptera, Eucnemidae) with description of new species. 
Annals of the Upper Silesian Museum, 2,103 – 125. 
 
Burakowsky B. (1975) Development, distribution and habits of Trixagus 
dermestoides (L.), with notes on the Throscidae and Lissomi- dae 
(Coleoptera, Elateroidea). Annales Zoologici, 32, 375 - 405. 
Buse, J., Levanony, T., Timm, A., Dayan, T., & Assmann, T. (2010) Saproxylic 
beetle assemblages in the Mediterranean region: Impact of forest 
management on richness and structure. Forest Ecology and Management. 
259, 1376-1384. 
 
Buxton, P.A. (1960) British diptera associated with fungi. III. Flies of all 
families reared from about 150 species of fungi. Entomological Monthly 
Magazine, 96, 61 – 94. 
 
Byers, J.A. (1992)  Attraction of bark beetles, Tomicus piniperda, Hylurgops 
palliates, and Trypodendron domesticum and other insects to short-chain 
alcohols and monoterpenes. Journal of Chemical Ecology, 18, 2385 - 2402. 
 
Cai, C.Y., Shu, O.Y., Wang, Y., Fang, Z.J., Rong, J.Y., Geny, L.Y., & Li, X.X. 
(1996) An early Silurian vascular plant. Nature, 379, 592 – 592. 
 
Campbell, S.A. & Borden, J.H. (2005) Bark reflectance spectra of conifers and 
angiosperms: implications for host discrimination by coniferophagous bark 
and timber beetles. Canadian Entomologist, 137, 719 – 722. 
 
Campbell, S.A. & Borden, J.H. (2006) Close range, in-flight integration of 
olfactory and visual information by a host-seeking bark beetle. Entomologia 
Experimentalis et Applicata, 120, 91-98. 
 
Cardoza, Y.J., Teal, P.E.A., & Tumlinson, J.H. (2003) Effect of peanut plant 
fungal infection on oviposition by Spodoptera exigua and on host-searching 
behaviour by Cotesia marginiventris. Environmental Entomology, 35, 970 – 
976. 
 
Carr, M., Young, J.P.W., & Mayhew, P.J. (2010) Phylogeny of bethylid wasps 
(Hymenoptera: Bethylidae) inferred from 28S and 16S rRNA genes. Insect 
Systematics and Evolution, 41, 55 – 73. 
 
Cassado, D., Gemeno, C., Avilla, J., & Riba, M. (2008) Diurnal variation of 
walnut tree volatiles and electrophysiological responses in Cydia pomonella 
(Lepidoptera: Totricidae). Pest Management, 64, 736 – 747. 
 
Cavazza, M., Guella, G., & Pietra, F. (1988) Photoinduced double addition of 
acetylene to 3 -  oxocyclopent-1-en-1-carbonitrile or 3-oxocylopent-1-enly 
acetate leading to 2,3,-dihydro-1H-inden-1-one and other reaaranged 
products. Helevetica Chimica Acta, 71, 1608 – 1615. 
 250 
 
Cervantes, D.E., Hanks, L.M., Lacey, E.S., & Barbour, J.D. (2006) First 
documentation of a volatile sex pheromone in a longhorned beetle 
(Coleoptera: Cerambycidae) of the primitive subfamily prioninae. Annals of 
the Entomological Society of America, 99, 718 – 722. 
Chapela, I.H. & Boddy, L. (1988) Fungal colonisation of attached beech 
branches. Early stages of development of fungal communities. New 
Phytology, 110, 39 – 45. 
 
Chapela, H. (1989) Fungi in healthy stems and branches of American aspen: 
A comparative study. New Phytologist, 113, 65–75. 
 
Chira, D., Danescu, F., Geambasu, N., Rosu, C., Chira, F., Mihalciuc, V., & 
Surdu, A. (2005) Aspects of European beech decline in Romania in 2001 – 
2004. Analele Institutuul de Cercetari si Amenajari Silvice, 48, 115 – 134. 
 
Cho, H.F. & Cutkomp, L.K. (1992) How to know the immature insects 2nd ed . 
WCB/McGraw-Hill. 346 p. 
 
Choi, W.I., Choi, K-S., Lyu, D-P., Lee, J-S., Lim, J., Lee, S., Shin, S-C.,  
Chung, Y-J., Park, Y-S. (2010) Seasonal changes of functional groups in 
coleopteran communities in pine forests. Biodiversity Conservation, 19, 2291 -
2305. 
 
Cline, A., Ivie, M.A., Bellamy, C.L., & Scher, J. (2009) A resource for wood 
boring beetles of the world: wood boring families. USDA/APHIS/PPQ Center 
for Plant Health Science and Technology, Montana State University, and 
California Department of Food and Agriculture. www.lucidcentral.org 
 
Courtois, E.A., Paine, C.E.T., Blandinierres, P-A., Stien, D., Bessiere, J-M., 
Houel, E., Baraloto, C., & Chave, J. (2009) Diversity of the volatile organic 
compounds emitted by 55 species of tropical tress: a survey in French 
Guiana. Journal of Chemical Ecology, 35, 1349 – 1362. 
 
Courty, P.E., Buee, M., Diedhiou, A.G., Frey - Klett, P., Le Tacon, F., Rineau, 
F., Turpault, M.P., Uroz, S., Garbaye, J. (2010) The role of ectomycorrhizal 
communities in forest ecosystem processes: New perspectives and emerging 
concepts. Soil Biology & Biochemistry, 42, 679-698. 
 
Crawley, M.J. (2007) Statistics: an introduction using R. John Wiley and Sons 
Ltd, Chichester. 
 
Creber, G.T. & Ash, S.R. (1990) Evidence of widespread fungal attack on 
upper Triassic trees in the southwestern USA. Review of Palaeobotany and 
Palynology, 63, 189 – 195. 
 
Crook, D.J., Khrimian, A., Francese, J.A., Fraser, I., Poland,T.M., Sawyer, 
A.J., & Mastro,V.C. (2008) Development of a host-based semiochemical lure 
 251 
for trapping Emerald Ash Borer Agrilus planipennis (Coleoptera: Buprestidae). 
Environmental Entomology, 37, 356 – 365. 
 
D’Amico, M., Frisullo, S., & Cirulli, M. (2008) Endophytic fungi occurring in 
fennel, lettuce, chicory, and celery – commercial crops in southern Italy. 
Mycological Research, 112, 100 – 107. 
 
Danci, A., Gries, R., Schaefer, P.W., & Gries, G. (2006) Evidence for four-
component close-range sex pheromone in the parasitic wasp Glyptapanteles 
flavicoxis. Journal of Chemcial Ecology, 32, 1539 – 1554. 
Danci, A., Inducil, C., Schaeffer, P.W., & Gries, G. (2011)  Early detection of 
prospective mates by males of the parasitoid wasp Pimpla disparis Viereck 
(Hymenoptera: Ichneumonidae). Chemical Ecology, 40, 405 – 411. 
Dannon, E.A., Tamò, M., Van Huis, A., & Dicke, M. (2010) Effects of volatiles 
from Maruca vitrata larvae and caterpillar-infested flowers of their host plant 
Vigna unguiculata on foraging behaviour of the parasitoid Apanteles 
taragamae. Journal of Chemical Ecology, 36, 1083 – 1091. 
 
Das, P.k., Das, L.K., Paridae, S.K., Patra, K.P., & Jambulingam, P. (1993) 
Lambda cyhalothrin treated bed nets as an alterantive method of malaria 
control in tribal villages of Koraput District, Orissa, State, India. Sotheast 
Asian Journal of Tropical Medicine Public Health, 24, 513 – 521. 
 
Davies, Z.G., Tyler, C., Stewart, G.B., & Pullin, A.S. (2008) Are current 
management recommendations for saproxylic invertebrates effective? A 
systematic review. Biodiversity Conservation, 17, 209-234. 
 
De Leon, J.H., Neumann, G., Follett, P.A., Hollingsworth, R.G. (2010) 
Molecular markers discriminate closely related species Encarsia diaspidicola 
and Encarsia berlesei (Hymenoptera: Aphelinidae): Biocontrol candidate 
agents for white peach scale in Hawaii. Journal of Economic Entomology, 
103, 908-916. 
 
de Souza, J.J., Vieira, I.J.C., & Rodrigues-Filho, E. (2011) Terpenoids from 
endophytic fungi. Molecules, 16, 10604 – 10618. 
 
Debelle, J.S., & Heisenberg, M. (1994) Associative odor learning in 
Drosophila abolished by chemical ablation of mushroom bodies. Science, 
263, 692 – 695. 
 
Degenhardt, J., Köllner, T.G., Gershenzon, J. (2009) Monoterpene and 
sesquiterpene synthases and the origin of terpene skeletal diversity in plants. 
Phytochemistry, 70, 1621 – 1637. 
 
Deng, S., Yin, J., Zhong, T., Cao, Y., & Li, K. (2012) Function and 
immunocytochemical localization of two novel odorant-binding proteins in 
 252 
olfactory sensilla of the scarab beetle Holotrichia oblita Faldermann 
(Coeloptera: Scarabaeidae). Chemical Senses, 37, 141 – 150. 
 
Desneux, N., Pham-Delègue, M-H., & Kaiser, L. (2003) Effects of sub-lethal 
and lethal doses of lambda-cyhalothrin on oviposition experience and host-
searching behaviour of a parasitic wasp, Aphidius ervi. Pest Management 
Science, 60, 381 - 389. 
 
Dethier, V.G., Browne, B.I., & Smith, C.N. (1960) The designation of 
chemicals in terms of the responses they elicit from insects. Journal of 
Economic Entomology. 53, 134-136. 
 
Dicke, M. & Sabelis, M.W. (1988) How plants obtain predatory mites as 
bodyguards. Netherlands journal of Zoology, 38, 148 -165. 
 
Dindorf, T., Kuhn, U., Ganzeld, L., Schebeske, G., Ciccioli, P., Holzke, C., 
Köble, R., Seufert, G., Kesselmeir, J. (2006) Significant light and temperature 
dependent monoterpene emissions from European beech (Fagus sylvatica L.) 
and their potential impact on the European volatile organic compound budget. 
Journal of Geophysical Research, 111, 15 - 30. 
 
Dodds, K.J., Dubois, G.D., & Hoebeke, R.E. (2010) Trap type, lure placement, 
and habitat effects on Cerambycidae and Scolytinae (Coleoptera) catches in 
the northeastern United States. Forest Entomology, 103, 698-707. 
 
Dong, F. & Huang, D. (2011) A new elaterid from the middle Jurassic 
Daohugou biota (Coleoptera: Elateridae: Protagrypninae). Acta Geologica 
Sinica, 85, 1224 – 1230. 
 
Drag, L., Hauck, D., Pokluda, P., Zimmermann, K., & Cizek, L. (2011) 
Demography and dispersal ability of a threatened saproxylic beetle: a mark-
recapture study of the Rosalia longicorn (Rosalia alpina). PLoS One, 6, 1 – 8. 
 
Dudley, N. & Vallauri, D. (2004) Deadwood-living forests. World Wide Fund 
for Nature, Gland, Switzerland. 
 
Duff, A. (2007a) Identification Longhorn beetles: Part 1. British Wildlife, 18, 
406-414. 
 
Duff, A. (2007b) Identification Longhorn beetles: Part 2. British Wildlife, 19, 
35-43. 
 
Dunn, J.P. & Potter, D.A. (1991) Synergistic effects of oak volatiles with 
ethanol in the capture of saprophagous wood borers. Journal of 
Entomological Science, 26, 425 - 429. 
 
Edde, P.A., Philips, T.W., Nansen, C., & Payton, M.E. (2006) Flight activity of 
the lesser grain borer, Rhyzopertha dominica F. (Coleoptera: Bostrichidae), in 
relation to weather. Physiological Ecology, 35, 616 - 624. 
 
 253 
El-Sayed, A.M. (2006) The Pherobase: Database of Insect Pheromones and 
Semiochemicals. http://www.pherobase.com. 
Elisashvili, V. & Kachlishvili, E. (2009) Physiological regulation of laccase and 
manganese peroxidase production by white-rot Basidiomycetes. Journal of 
Biotechnology, 144, 37-42. 
 
Engel, M.S. & Grimaldi, D.A. (2007) Cretaceous Scolebythidae and phylogeny 
of the family (Hymenoptera: Chyrsidoidea). American Museum Novitates, 
3568, 1 – 16. 
 
Enrong, Y., Xihua, W., & Jianjun, H. (2006) Concept and classification of 
coarse woody debris in forest ecosystems. Frontiers in Biology China, 1, 76 – 
84. 
 
Esteves, B., Videira, R., & Pereira, H. (2011) Chemistry and ecotoxicity of 
heat-treated pine wood extractives. Wood Science Technology, 45, 661 – 
676. 
 
European Environmental Agency (2008) European forests-ecosystem 
conditions and sustainable use. EEA report No3/2008. 
 
Evans, J.A., Eyre, C.A., Rogers, H.J., Boddy, L., & Müller, C.T. (2008) 
Changes in volatile production during interspecific interactions between four 
wood rotting fungi growing in artificial media. Fungal Ecology, 1, 57-68. 
 
Ewen, R.J., Jones, P.R.H., Ratcliffe, N.M. & Spencer-Phillips, P.T.N. (2004) 
Identification by gas chromatography-mass spectrometry of the volatile 
organic compounds emitted from the wood-rotting fungi Serpula lacrymans 
and Coniophora puteana, and from Pinus sylvestris timber. Mycology 
Research, 108, 806-814. 
 
Facknath, S., & Wright, D.J. (2007) Is host selection in leafminer adults 
influenced by pre-imaginal or early adult experience? Journal of Applied 
Entomology, 131, 505 – 512. 
 
Fäldt, J., Jonsell, M., Nordlander, G., & Borg-Karlsom, A-K. (1998) Volatiles of 
bracket fungi Fomitopsis pinicola and Fomes fomentarius and their functions 
as insect attractants. Journal of Chemical Ecology, 25, 567 - 589. 
 
Faucheux, M.J. (1994) Disribution ans abundance of antennal sensilla from 2 
populations of the pine engraver beetle Ips pini (Say) (Coleoptera: 
Scolytidae). Annals des Sciences Naturelles Zoologie et Biologie Animale, 15, 
15 – 31. 
 
Faucheux, M.J. (2012) Ovipositor sensilla of the yellow longicorn beetle 
Phoracantha recurva Newman, 1840 (Coeloptera: Cerambycidae). Bulletin de 
l’Institut Scientifique, Rabat, section Sciences de la Vie, 34, 11 – 18. 
 
 254 
Fauvergue, X., Hopper, K.R., Antolin, M.F. (1995) Mate finding via a trail sex 
pheromone by a parasitoid wasp. Proceedings of the National Academy of 
Sciences, 92, 900 – 904. 
Fettköther, R., Reddy, G.V., Noldt, U., & Dettner, K. (2000) Effect of host and 
larval frass volatiles on behavioural response of the old house borer, 
Hylotrupes bajulus (L.) (Coleoptera: Cerambycidae), in a wind tunnel 
bioassay. Chemoecology, 10, 1 – 10. 
 
Fitten, M.G., Shaw, M.R., & Gauld, I.D. (1988) Pimplinae Ichneumon flies, 
Hymenoptera, Ichneumonidae (Pimplinae). Vol 7, Part 1, 110 p. Royal 
Entomological Society of London & British Museum (Natural History), London. 
Henry Ling, Dorchester, Dorset, UK. 
 
Flechtmann, C.A.H., Dalusky, M.J., & Berisford, C.W. (1999) Bark and 
ambrosia beetle (Coleoptera: Scolytidae) responses to volatiles from aging 
loblolly pine billets. Environmental Entomology, 28, 638-648. 
 
Florianowicz, T. (2000) Inhibition of growth and sporulation of Penicillium 
expansum by extracts of selected basidiomycetes. Acta societatis 
Botanicorum Poloniae, 69, 263 – 267. 
 
Foit,J. (2010) Distribution of early-arriving saproxylic beetles on standing dead 
Scots pine trees. Agricultural and Forest Entomology, 12, 133 – 141. 
 
Fonseca, M.G., Vidal, D.M., & Zarbin, P.H.G. (2010) Male-produced sex 
pheromone of the cerambycid beetle Hedypathes betulinus: chemical 
identification and biological activity. Journal of Chemical Ecology, 36, 1132 – 
1139. 
 
Forestry Commission (2012) http://www.forestry.gov.uk 
 
Fossestøl, K.O. & Sverdrup-Thygeson, A. (2009) Saproxylic beetles in high 
stumps and residual downed wood on clear-cuts and in forest edges. 
Scandinavian Journal of Forest Research, 24, 403-416. 
 
Franc, N. & Götmark, F. (2008) Openness in management: hands-off vs 
partial cutting in conservation forests, and the response of beetles. Biological 
Conservation, 141, 2310 – 2321. 
 
Francardi, V., de Silva, J., Pennacchio, F., & Roversi, P.F. (2009) Pine 
volatiles and terpenoid compounds attractive to European xylophagous 
species, vectors of Bursaphelenchus spp. nematodes. Phytoparasitica, 37, 
295-302. 
 
Fryar, S.C., Yuen, T.K., Hyde, K.D., & Hodgkiss, I.J. (2001) The influence of 
competition between tropical fungi on wood colonization in streams. Microbial 
Ecology, 41, 245 – 251. 
 
 255 
Galizia, C.G., Sachse, S., Rappert, A., & Menzel, R. (1999) The glomerular 
code for odor representation is species specific in the honeybee Apis 
mellifera. Nature Neuroscience, 2, 473 – 478. 
 
Galizia, G.C. & Rössler, W. (2010) Parallel olfactory systems in insects: 
anatomy and function. Annual Review of Entomology, 55, 399 -420. 
 
Gandhi, K.J.K., Gilmore, D.W., Katovich, S.A., Mattson, W.J., Spence, J.R., 
Seybold, S.J. (2007) Physical effects of weather events on the abundance 
and diversity of insects in North American forests. Environmental Reviews, 
15, 113 - 152. 
 
Gao, Y., Luo, L-Z., & Hammond, A. (2007) Antennal morphology, structure 
and sensilla distribution in Microplitis pallidipes (Hymenoptera: Braconidae). 
Micron, 38, 684 – 693. 
 
Gara, R.I., Littke, W.R., & Rhoades, D.F. (1993) Emission of ethanol and 
monoterpenes by fungal infected lodgepole pine trees. Phytochemistry, 34, 
987–990. 
 
Gärtner, S., Reif, A., Xystrakis, F., Sayer, U., Bendagha, N., & Matzarakis, A. 
(2008) The drought tolerance limit of Fagus sylvatica forest on limestone in 
southwestern Germany. Journal of Vegetation Science, 19, 757 – 768. 
 
Gautier, N. & Monge, J.P. (1999) Could the egg itself be the source of the 
oviposition deterrent marker in the ectoparasitoid Dinarmus basalis? Journal 
of Insect Physiology, 45, 393 – 400. 
Geib, S.M., Jimenez-Gasco, M.d.M., Carlson, J.E., Tien, M., Jabbour, R., & 
Hoover, K. (2009) Microbial community profiling to investigate transmission of 
bacteria between life stages of the wood-boring beetle, Anoplophora 
glabripennis. Microbial Ecology, 58, 199 – 211. 
 
Gibb, H., Pettersson, R.B., Hjältén, J., Hilszczanski, J., Ball, J.P., Johansson, 
T., Atelgrim, O., Danell, K. (2006) Conservation-oriented forestry and early 
successional saproxylic beetles: Responses of functional groups to 
manipulated dead wood substrates. Biological Conservation, 129, 437-450. 
 
Gibb, H., Hilszcznski, J., Hjältén, J., Danell, K., Ball, J.P., Pettersson, R.B., & 
Alvini, O. (2008) Responses of parasitoids to saproxylic hosts and habitat: a 
multi-scale study using experimental logs. Oecologia, 155, 63 – 74. 
 
Ginzel, M.D. & Hanks, M. (2004) Role of host plant volatiles in mate location 
for three species of longhorned beetles. Journal of Chemical Ecology, 31, 
213–217. 
 
Ginzel, M.D., Blomquist, G.J., Millar, J.G., & Hanks, L.M. (2003) Role of 
contact pheromones in mate recognition in Xylotrechus colonus. Journal of 
Chemical Ecology, 29, 533 – 545. 
 256 
 
Ginzel, M.D. & Hanks, M. (2005) Role of host plant volatiles in mate location 
for three species of longhorned beetles. Journal of Chemical Ecology, 31, 
213–217. 
 
 
Giordano, L., Gonthier, P., Varese, G.C., Miserere, L., & Nicolotti, G. (2009) 
Mycobiota inhabiting sapwood of healthy and declining Scots pine (Pinus 
sylvestris L.) trees in the Alps. Fungal Diversity, 38, 69-83. 
 
Godfray, H.C.J. (1994) Parasitoids: Behavioural and Evolutionary Ecology. 
Princeton University Press, Chichester, West Sussex, UK. 
 
Goodell, B., Yuhui, Q., & Jellison, J. (2008) Fungal decay of wood: soft rot-
brown rot-white rot. A.C.S. symposium series, 982, 9-31. 
 
Goulet, H. & Huber, J.T., eds. (1993) Hymenoptera of the world: An 
identification guide to families. Agriculture Canada Publication. 
 
Grimaldi, D. & Engle, M.S. (2006) Evolution of the insects. Cambridge 
University Press, Cambridge. 
 
Grimaldi, D.A. (2010) 400 million years on six legs: on the origin  and early 
evolution of Hexapoda. Arthropod Structure and Development, 39, 191 – 203. 
 
Grünwald, M., Pilhofer, M., & Höll, W. (2010) Microbial associations in gut 
systems of wood and bark inhabiting longhorned beetles (Coleoptera: 
Cerambycidae). Systematic and Applied Microbiology, 33, 25 – 34. 
 
Gu, Y. & Rospars, J-P. (2011) Dynamical modeling of the moth pheromone 
sensitive olfactory receptor neuron with its sensillar environment. PLoS One, 
6, 1 – 22. 
 
Gullan, P.J. & Cranston, P.S (2005) The Insects: an outline of entomology (3rd 
Ed), pp.98-104. Blackwell publishing Ltd. 
 
Haeselbarth, E. (1973) Die Blacus arten Europas und zentral Asiens. Veroeff. 
Zool. Staatssamml. Munich, 16, 69 – 170. 
 
Hakkou, M., Pétrissans, M., Gérardin, p., 7 Zoulalian, A. (2006) Investigations 
of the reasons for fungal durability of heat-treated beech wood. Polymer 
Degradation and Stability, 91, 393 – 397. 
 
Hanks, L.M. (1999) Influence of the larval host plant on reproductive 
strategies of Cerambycid beetles. Annual review Entomology, 44, 483–505. 
Hanks, L.M., Paine, T.D., & Millar, J.G. (1993) Host species preference and 
larval performance in the wood-boring beetle Phoracantha semipunctata F. 
Oecologia, 95, 22 – 29. 
 
 257 
Hanks, L.M., Paine, T.D., & Millar, J.G. (2005) Influence of the larval 
environment on performace and adult body size of the wood-boring beetle 
Phoracantha semipunctata. Entomologia Experimentalis et Applicata, 114, 24 
-34. 
 
Hansson, B.S., Ljungberg, H., Hallberg, E., & Löfsedt, C. (1992) Functional 
specialization of olfactory glomeruli in a moth. Science, 256, 1313 – 1315. 
 
Hansson, B.S. (1997) Antennal lobe projection patterns of pheromone-specific 
olfactory recptor neurons in moths. Insect pheromone research: new 
directions (eds Carde, R.T. & Minks, A.K.), 164 – 183. Chapman & Hall, New 
York, USA. 
 
Hansson, B.S. (ed.) (1999) Insect Olfaction. Springer – Verlag, Berlin, 
Germany. 
 
Hansson, B.S. & Stensmyr, M. (2011) Evolution of insect olfaction. Nueron, 
72, 698 – 711. 
 
Harmon, M.E. & Sexton, J. (1996)  Guidelines for measurements of woody 
detritus in forest ecosystems. US LTER Publication No. 20.  U.S. LTER 
Network Office, University of Washington, College of Forest Resources, 
Seattle, WA. 
 
Harvey, D. & Gange, A. (2003) The Private Life of the Stag Beetle (Lucanus 
cervus). The Bulletin of the Amateur Entomologists' Society, 62, 240-244. 
 
Harvey, J.A., Harvey, I.F., & Thompson, D.J. (1995) The effect of host 
nutrition on growth and development of the parasitoid wasp Venturia 
canescens. Entomolgia Experimentalis et Applicata, 75, 213 – 220. 
 
Harz, B. & Topp, W. (1999) Deadwood in commercial forest: a source of 
danger for the outbreak of pest species ? Forstwissenschaftliches 
Centralblatt, 118, 302-313. 
 
Hatakka, A. (1994) Lignin-modifying enzymes from selected white-rot fungi: 
production and role in lignin degradation. FEMS Microbiology Reviews, 13, 
125-135. 
 
Heckman, D.S., Geiser, D.M., Eidell, B.R., Stauffer, R.L., Kardos, N.L., & Blair  
 
Hedges, S. (2001) Molecular evidence for the early colonization of land by 
fungi and plants. Science, 293, 1129 – 1133. 
 
Heilmann-Clausen, J. & Christensen, M. (2003) Fungal diversity on decaying 
beech logs – implications for sustainable forestry. Biodiversity and 
Conservation, 12, 953 – 973. 
 
 258 
Heilmann-Clausen, J. & Christensen, M. (2004) Does size matter? On the 
importance of various dead wood fractions for fungal diversity in Danish 
beech forests. Forest Ecology and Management, 201, 105 – 117. 
 
Heilmann-Clause, J. & Boddy, L. (2005) Inhibition and stimulation effects in 
communities of wood decay fungi: exudates from colonised wood influence 
growth by other species. Microbial Ecology, 49, 399-406. 
 
 
Hendry, S.J., Boddy, L., & Lonsdale, D. (1993) Interactions between callus 
cultures of European beech, indigenous ascomycetes and derived fungal 
extracts.  New Phytologist, 123, 421 – 428. 
 
Hendry, S.J., Boddy, L., & Lonsdale, D. (2002) Abiotic variables effect 
differential expression of latent infections in beech (Fagus sylvatica). New 
Phytologist, 155, 449-460. 
 
Heraty, J., Ronqiust, F., Carpenter, J.M., Hawks, D., Schulmeister, S., 
Dowling, A.P., Murray, D., Munro, J., Wheeler, W.C., Schiff, N., & Sharkey, M. 
(2011) Evolution of the Hymenopteran megaradiation. Molecular 
Phylogenetics and Evolution, 60, 73 – 88. 
 
Hermann, T.N. & Podkovyrov, V.N. (2008) On the nature of the Precambrian 
microfossils Arctacellularia and Glomovertella. Paleontological Journal, 42, 
655 – 664. 
 
Hilszcznski, J., Gibb, H., Hjältén, J., Atlegrim, O., Johansson, T., Pettersson, 
R.B., Ball, J.P., & Danell, K. (2005) Parasitoids (Hymenoptera: 
Ichneumonoidea) od saproxylic beetles are affected by forest successional 
stage and dead wood characteristics in boreal spruce forest. Biological 
Conservation, 126, 456 – 464. 
 
Hilszczanski, J. (2008) Bark of dead infested spruce trees as an overwintering 
site of insect predators associated with bark and wood boring beetles. Lesne 
Prace Badawcze, 69, 15-19. 
 
Hoebeke, E.R. (1978) Notes on the biology of Codrus carolinensis 
(Hymenoptera: Proctotrupidae) a parasite of Platydracus violaceus 
(Coleoptera: Staphylinidae). Journal of Kansas Entomological Society, 52, 
507 – 511.  
 
Hoffmeister, T. (1992) Factors determining the structure and diversity of 
parasitoid complexes in tephritid fruit flies. Oecologia, 89, 288 – 297. 
 
Holighaus, G. & Schutz, S. (2006) Odours of wood decay as Semiochemicals 
for Trypodendron domesticum L. (Col., Scolytidae). 
Mitt.Dtsch.Ges.Allg.Angew.Ent, 15, 161–166. 
 
Hopkins, A. D. (1917). A discussion of C. G. Hewitt’s paper on “Insect 
 259 
Behaviour.” J. Econ. Entomology, 10, 92 - 93. 
Horak, J., Vavrova, E., & Chobot, K. (2010) habitat preferences influencing 
populations, distribution and conservation of the endangered saproxylic beetle 
Cucujus cinnaberinus (Coleoptera: Cucujidae) at landscape level. European 
Journal of Entomology, 107, 81 – 88. 
 
Hoskovec, M. & Rejzek, M. (2012) Longhorn beetles (Cerambycidae) of the 
west Palearctic region. http://www.cerambyx.uochb.cz/ 
Hubbard, M., Germida, J., & Vujanovic, V. (2012) Fungal endophytes improve 
wheat seed germination under heat and drought stress. Botany, 90, 137 – 
149. 
 
Hulme, M.A. & Sheilds, J.K. (1972) Interaction between fungi in wood blocks. 
Canadian Journal of Botany, 50, 1421 – 1427. 
 
Humphris, S.N., Bruce, A., Buultjens, E., & Wheatley, R.E. (2002) The effects 
of volatile microbial secondary metabolites on protein synthesis in Serpula 
lacrymans. FEMS Microbiology Letters, 210, 215 – 219. 
 
Hunt, T., Bergsten, J.,  Levkanicova, Z., Papadopoulou, A.,  John, O.S., Wild, 
R., Hammond, P.M., Ahrens, D., Balke, M., Caterino, M.S., Gomez-Zurita, J.,  
Ribera, I., Barraclough, T.G., Bocakova, M., Bocak, L., & Vogler, A.P. (2007) 
A comprehensive phylogeny of beetles reveals the evolutionary origins of a 
superradiation. Science, 318, 1913 – 1916. 
 
Hunter, M.L., Jr., (1990) The deadwood decomposition five classes of decay. 
Wildlife, Forests and Forestry: Principles of Managing Forests for Biological 
Diversity. Prentice-Hall, Englewood Cliffs, New Jersey, USA. 
 
Hynes, J., Müller, C.T., Jones, T.H., & Boddy, L. (2007) Changes in volatile 
production during the course of fungal mycelial interactions between 
Hypholoma fasciculare and Resinicium bicolour. Journal of Chemical Ecology, 
33, 43-57. 
 
Ikeda, K. (1979) Consumption and food utilization by individual larvae and the 
population of a wood borer Phymatodes maaki Kraatz (Coleoptera: 
Cerambycidae). Oecologia, 40, 287 – 298. 
Ikeda, T., Yamane, A., Enda, N., Matsuura, K., & Oda, K. (1981) 
Attractiveness of chemical-treated pine trees for Monochamus alternatus 
Hope (Coleoptera: Cerambycidae). Journal Japanese Forestry Society, 63, 
201 - 207. 
Irmler, U., Arp, H., Nötzold, R. (2010) Species richness of saproxylic beetles 
in woodlands is affected by dispersion ability of species, age and stand size. 
Journal of Insect Conservation, 14, 227 - 235. 
 
Irmler, U., Heller, K., & Warning, J. (1996) Age and tree species as factors 
influencing the populations of insects living in dead wood (Coleoptera, 
 260 
Diptera: Sciaridae, Mycetophilidae). Pedobiologia, 40, 134-148. 
 
Irsenaite, R. & Kutorga, E. (2006) Diversity of fungi on decaying common oak 
coarse woody debris. Ekolgua, 4, 22-30. 
 
 
Jaber, L.R. & Vidal, S. (2010) Fungal endophyte negative effects on herbivory 
are enhanced on intact plants and maintained in a subsequent generation. 
Ecological Entomology, 35, 25 – 36. 
 
Jacobs, J.M., Spence, J.R., Langor, D.W. (2007) Influence of boreal forest 
succession and dead wood qualities on saproxylic beetles. Agricultural and 
Forest Entomology, 9, 3-16. 
 
Jaenike, J. (1978) On optimal oviposition behaviour in phytophagous insects. 
Theoretical Population Biology, 14, 350 - 356. 
 
Jakolev, J. (2011) Fungus gnats (diptera: Sciaroidae) associated with dead 
wood and wood growing fungi: new rearing data from Finland and Russian 
Karelia and general analysis of known larval microhabitats in Europe. 
Entomologica Fennica, 22, 157 – 189. 
 
James, T.Y., Kauff, F., Schoch, C.L., Matheny, P.B., Hofstetter, V., Cox, C.J., 
Celio, G., Gueidan, C., Fraker, E., Miadlikowska, J., Thorsten Lumbsch, H., 
Rauhut, A., Reeb, V., Arnold, A.E., Amtoft, A., Stajich, J.E., Hosaka, K., Sung, 
G-H., Johnson, D., O’Rourke, B., Crockett, M., Binder, M., Curtis, J.M., Slot, 
J.C., Wang, Z., Wilson, A.W., Schüβler, A., Longcore, J.E., O’Donnell, K., 
Mozley-Standridge, S., Porter, D., Letcher, P.M., Powell, M.J., Taylor, J.W., 
White, M.M., Griffith, G.W., Davies, D.R., Humber, R.A., Morton, J.B., 
Sugiyama, J., Rossman, A.Y., Rogers, J.D., Pfister., Hewitt, D., Hansen, K., 
Hambleton, S., Shoemaker, R.A., Kohlmeyer, J., Volkmann-Kohlmeyer, B., 
Spotts, R.A., Serdani, M., Crous, P.W., Hughes, K.W., Matsuura, K., Langer, 
E., Langer, G., Untereiner, W.A., Lücking, R., Büdel, B., Geiser, D.M., Aptroot, 
A., Diedrich, P., Schmitt, I., Schultz, M., Yahr, R., Hibbett, D.S., Lutzoni, F., 
McLaughlin, D.J., Spatafora, J.W., Vilgalys, R. (2006) Reconstructing the 
early evolution of fungi using a six gene phylogeny. Nature, 443, 818 – 822. 
Jefferis, G.S.X.E., Potter, C.J., Chan, A.M., Martin, E.C., Rohfling, T., Maurer, 
C.R., & Luo, L. (2007) Comprehensive maps of Drosophila higher olfactory 
centers: spatially segregated fruit and pheromone representation. Cell, 128, 
1187 – 1203. 
 
Johansen, G. (2007) Vegetation Resources Inventory Ground Sampling 
Proceedures. British Colombia Ministry of Sustainable Resources 
Management. Terrestrial Information Branch for Resource Inventory 
Committee. 
www.bc.ca/risc/pubs/teveg/vri%20ground%20sampling2k2/vrigro%7el.pdf. 
[Accessed 02/04/2012]. 
 
  
 
 261 
Johansson, T., Olsson, J., Hjältén, J., Jonsson, B.G., Ericson, L. (2006) 
Beetle attraction to sporocarps and wood infected with mycelia of decay fungi 
in old-growth spruce forest of northern Sweden. Forest Ecology and 
Management, 237, 335-341. 
 
Johnson, P.J. (2002) Throscidae. American Beetles: Volume 2 Polyphaga: 
Scarabaeoidea through Curculionoidea. CRC Press LLC. 158 - 159. 
 
Jonsell, M., Hansson, J., & Wemo, L. (2007) Diversity of saproxylic beetle 
species in logging residues in Sweden- comparisons between tree species 
and diameters. Biological Conservation, 138, 89-99. 
 
Jourdan, G.P., Dreikorn, B.A., Hackler, R.E., Hall, H.R., & Albert, W.R. (1991) 
Synthesis and fungicidal activity of 1H-inden-1-ones. ACS Symposium Series, 
443, 566 – 574. 
 
Joy, N.H. (1938) A practical handbook of British beetles volumes I & II. [CD 
ROM]. Lymington, Hampshire, UK. Pisces Conservation Ltd. 
 
Joyce, A.L., Millar, J.G., Gill, J.S., Singh, M., Tanner, D., & Paine, T.D. (2011) 
Do acoustic cues mediate host finding by Syngaster Lepidus (Hymenoptera: 
Braconidae). Biocontrol, 56, 145 – 153. 
Kahlos, K., Kiviranta, J.L.J., & Hiltunen, R.V.K. (1994) Volatile constituents of 
wild and in vitro cultivated Gloeophyllum odoratum. Phytochemistry, 36, 917 -
922. 
 
Kappes, H. & Topp, W. (2004) Emergence of Coleoptera from deadwood in a 
managed broadleaved forest in central Europe. Biodiversity and 
Conservation, 13, 1905-1924. 
 
Kawanishi, T., Uematsu, S., Nishimura, K., Otani, T., Tanaka-Miwa, C., 
Hamamoto, H., & Narmba, S. (2009) A new selective medium for Burkholderia 
caryophylli, the causal agent of a carnation bacterial wilt. Plant Pathology, 58, 
237 – 242. 
 
Kebli, H., Drouin, P., Brais, S., & Kernaghan, G. (2011) Species composition 
of saproxylic fungal communities on decaying logs in the boreal forest. 
Microbial Ecology, 61, 898 – 910. 
 
Keegans, S.J., Billen, J., Morgan, E.D., & Gokcen, O.Y. (1993) Volatile 
glandular secretions of three species of new world army ants, Eciton burchelli, 
Labidus coecus, and Labidus praedator. Journal of Chemical Ecology, 19, 
2705 – 2719. 
 
Kennedy, C.E.J. & Southwood, T.R.E. (1984) The number of species of 
insects associated with British trees: A re-analysis. Journal of Animal Ecology, 
53, 455 – 478. 
 
 262 
Kenrick, P. & Crane, P.R. (1997) The origin and early evolution of plants on 
land. Nature, 389, 33 – 39. 
 
Kesselmeier, J. & Staudt, M. (1999) Biogenic Volatile Organic Compounds 
(VOC): An Overview on Emission, Physiology and Ecology. Jo, urnal of 
Atmospheric Chemistry, 33, 23-88. 
 
Kigathi, R.N., Unsicker, S.B., Teichelt, M., Kesslemeirer, J., Gershenzon, J., & 
Weisser, W.W. (2009) Emission of volatile organic compounds after herbivory 
for Trifolium pretense (L.) under laboratory and field conditions. Journal of 
Chemical Ecology, 35, 1335 – 1348. 
 
Kleinvoss, K., Topp, W., Bohac, J. (1996) Dead wood: an essential habitat for 
xylobiont insects in a commercial forest. Zeitschrift fur Okologie und 
Naturschutz, 5, 85-95. 
 
Kobayashi, M., Nozaki, A., & Ueda, A. (2004) Influence of water content of 
host trees on attacking behaviour of Platpus quercivorus (Murayama) 
(Coleoptera: Platypodidae) and on fungi in the galleries bored by the beetles. 
Japanese Journal of Applied Entomology and Zoology, 48, 141 – 149. 
 
Korpi, A., Pasanen, A-L., & Viitanen, H. (1999) Volatile metabolites of Serpula 
lacrymans, Coniophora puteana, Poria placenta, Stachybotrys chartarum and 
Chaetomium. Building and Environment, 34, 205 – 211. 
 
Krasutskii, B.V. (2007) Coleoptera associated with Fomitopsis pinicola 
(Sw.:Fr) Karst. (Basidiomycetes, Aphyllophorales) in the forests of the Urals 
and Transurals. Entomological Review, 87, 848 - 858. 
 
Krieger, J., Ganssle, H., Raming, K., & Breer, H. (1993) Odorant binding 
proteins of Heliothis virescens. Insect Biochemistry and Molecular Biology, 23, 
449 – 456. 
 
Krieger, J., Mameli, M., & Breer, H. (1997) Elements of the olfactory signaling 
pathway insect antennae. Invertebrate Neuroscience, 3, 137 – 144. 
 
Krings, M., Taylor, T.N., Hass, H., Kerp, H., Dotzler, N., & Hermsen, E.J. 
(2007) Fungal endophytes in a 400-million-yr-old land plant: infection 
pathways, spatial distribution, and host responses. New Phytologist, 174, 648 
– 657. 
 
Kroder, S., Samietz, J., & Dorn, S. (2006) Effect of ambient temperature on 
mechanosensory host location in two parasitic wasps of different climatic 
origin. Physiological Entomology, 31, 299 – 305. 
Kroder, S., Samietz, J., & Dorn, S. (2007) Temperature affects interaction of 
visual and vibrational cues in parasitoid host location. Journal of Comparative 
Physiology A, 193, 223-231. 
 
 263 
Kroder, S., Samietz, J., Stabentheiner, A., Dorn, S. (2008) Body temperature 
of the parasitic wasp Pimpla turionellae (Hymenoptera) during host location by 
vibrational sounding. Physiological Entomology, 33, 17-24. 
 
Kruess, A. & Tscharntke, T. (2000) Species richness and parasitism in a 
fragmented landscape: experiments and field studies with insects on Vicia 
sepium. Oecologia, 122, 129 -137. 
 
Kruys, N. & Jonsson, B.G. (1999) Fine woody debris is important for species 
richness on logs in managed boreal spruce forests of northern Sweden. 
Canadian Journal of Forest Research, 29, 1295-1299.  
 
Kukor, J.J., Cowan, D.P., & Martin, M.M. (1988) The role of ingested fungal 
enzymes in cellulose digestion in the larvae of cerambycid beetles. 
Physiological Zoology, 61, 364 – 371. 
 
Kwaśna, H. & Bateman, G.L. (2006) Aberrant growth and conidiation in wild – 
type cultures of Fusarium species from wheat. Journal of Phytopathology, 
154, 29 – 34. 
 
Labandeira, C.C. (2005) Invasion of the continents: cyanobacterial crusts to 
tree-inhabiting arthropods. Trends in Ecology and Evolution, 20, 253 – 262. 
 
Labandeira, C.C. (2011) Evidence for an earliest late Carboniferous 
divergences time and the early larval ecology and diversification of major 
holometabola lineages. Entomologica Americana, 117, 9 – 21. 
 
Lagarde, A., Spinelli, S., Tegoni, M., He, X., Field, L., Zhou, J-J., & Cambillau, 
C. (2011) The crystal structure of odorant binding protein 7 from Anopheles 
gambiae exhibits an outstanding adaptability of its binding site. Journal of 
Molecular Biology, 414, 401 – 412. 
 
Larocca, A., Fanti, P., Romano, V.A., Mariscovetere, E., Isodoro, N., Romani, 
R., Ruschioni, S.,Penncacchio, F., & Battaglia, D. (2007) Functional basis of 
host-acceptance behaviour in the aphid parasitoid Aphidius ervi. Physiological 
Entomology, 32, 305 – 312. 
 
Larsson, M.C., Domingos, A.I., Jones, W.D., Chiappe, M.E., Amrein, H., & 
Vosshall, L.B. (2004) Or83b encodes a broadly expressed odorant receptor 
essential for Drosophila olfaction. Neuron, 43, 703 – 714. 
 
LaSalle, J. & Gauld, I.D. eds., (1993) Hymenoptera and Diversity, C.A.B 
International, Wallingford. 
 
Leal, W.S., Nikonova,L., & Peng, G. (1999) Disulfide structure of the 
pheromone binding protein from the silkworm moth, Bombyx mori. FEBS 
Letters, 464, 85 – 90. 
 
 264 
Lebesa, L.N., Khan, Z.R., Hassanali, A., Pickett, J.A., Bruce, T.J., Skellern, 
M., & Krüger, K. (2011) Responses of the blister beetle Hycleus apicicornis to 
visual stimuli. Physiological Entomology, 36, 220 – 229. 
 
Lebreton, S., Christides, J.P., Bagneres, A.G., Chevrier, C., & Darrouzet, E. 
(2010) Modifications of the chemical profile of hosts after parasitism allow 
parasitoid females to assess the time elapsed since the first attack. Journal of 
Chemical Ecology, 36, 513 – 512.  
Lemperiere, G. & Marage, D. (2010) The influence of forest management and 
habitat on insect communities associated with dead wood: a case study in 
forests of southern French Alps. Insect Conservation and Diversity, 3, 236 – 
245. 
 
Lesonko, A. S., Takada, K., Koji, S., Nakagoshi, N., Anggraeni, T., & 
Nakamura, K. (2005) Vertical and seasonal distribution of flying beetles in a 
suburban temperate deciduous forest collected by water pan trap. Insect 
Science, 12, 199 - 206. 
 
Levey, B. (2009) British Scraptiidae. Handbooks for the identification of British 
insects, 5, Part 18, 32 p. Royal Entomological Society of London & Field 
Studies Council. 
 
Li, S-Q. & Zhang, Z-N. (2007) The influence of volatiles from the hindgut of 
the pine sawyer, Monochamus alternatus (Coeloptera: Cerambycidae), on its 
oviposition behaviour. Zoological Studies, 46, 726 – 733. 
 
Lonsdale, D., Pautasso, M., & Holdenrieder, O. (2008) Wood-decaying fungi 
in the forest: conservation needs and management options. European Journal 
of Forest Research, 127, 1 – 22. 
 
Lopes, O., Barata, E.N., Mustaparta, H., & Araújo, J. (2002) Fine structure of 
antennal sensilla basiconica and their detection of plant volatiles in the 
eucalyptus woodborer, Phoracantha semipunctata Fabricius (Coleoptera: 
Cerambycidae). Arthropod Structure and Development, 31, 1 – 13. 
 
Lopez-Real, J.M. & Swift, M.J. (1975) Formation of pseudosclerotia (“zone 
lines”) in wood decayed by Armillaria mellea and Stereum hirsutum. II. 
Formation in relation to moisture content of the wood. Transactions of the 
British Mycological Society, 64, 473 – 481. 
 
Lopez, M.J., Vargas-García, M del C., Suárez-Estrella, F., Nichols, N.N., 
Dien, B.S., Moreno, J. (2007) Lignocellulose-degrading enzymes produced by 
the ascomycete Conochaeta ligniaria and related species: application for 
lignocellulosic substrate treatment. Enzyme and Microbial Technology, 40, 
794-800. 
 
Lu, W., Wang, Q., Tian, M.Y., Qin, A.Z., He, L., Jia, B., & Cai, J.J. (2011) Host 
selection and colonization strategies with evidence for a female-produced 
 265 
oviposition attractant in a longhorn beetle. Environmental Entomology, 40, 
1487 – 1493. 
 
Luo, S-L., Zhuge, P-P., & Wang, M-Q. (2011) Mating behaviourand contact 
pheromone of Batocera horsfieldi (Hope) (Coleoptera: Cerambycidae). 
Entomological Science, 14, 359 – 363. 
 
Lyons, B.D., de Groot, P., Jones, G.C., & Scharbach, R. (2009) Host selection 
by Agrilus planipennis (Coleoptera: Buprestidae): inferences from sticky-band 
trapping. Canadian Entomology, 141, 40 – 52. 
 
MacDonald, J., Suzuki, H., & Master, E.R. (2012) Expression and regulation 
of genes encoding lignocellulose-degrading activity in the genus 
Phanerochaete. Applied microbial Biotechnology, 94, 339 – 351. 
 
Mackensen, J., Bauhus, J., & Webber, E. (2003) Decomposition rate of 
coarse woody debris -  A review with particular emphasis on Australian tree 
species. Australian Journal of Botany, 51, 27 – 37. 
 
Malpel, S., Merlin, C., François, M-C., & Jacquin-Joy, E. (2008) Molecular 
identification and characterization of two new Lepidoptera chemoreceptors 
belonging to the Drosophila melanogaster OR83b family. Insect Molecular 
Biology, 17, 587 – 596. 
 
Martin, J.P., Beyerlein, A., Dacks, A.M., Reisenman, C.E., Riffell, J.A., Lei, H., 
& Hildebrand, J.G. (2011) The neurobiology of insect olfaction: sensory 
processing in a comparative context. Progress in Neurobiology, 95, 427 – 
447. 
 
Martínez, A.S., Fernández-Arhex, V., & Corley, J.C. (2006) Chemical 
information from the fungus Amylostereum areolatum and host-foraging 
behaviour in the parasitoid Ibalia leucospoides. Physiological Entomology, 31, 
336 – 340. 
Meinecke, C-C. (1975) Riechsensillen und sytematik der lamellicornia 
(Insecta: Coleoptera). Zoomorphologie, 82, 1 - 42.  
 
Menotta, M., Gioacchini, A.M., Amicucci, A., Buffalimi, M., Sisti, D., & Stocchi, 
V. (2004) Headspace solid-phase microextraction with gas chromatography 
and mass spectrometry in the investigation of volatile organic compounds in 
an ectomycorrhizae synthesis system. Rapid Communications in Mass 
Spectometry, 18, 206 - 210. 
 
Merivee, E., Rahi, M., & Luik, A. (1998) Antennal sensilla of the click beetle, 
Melanotus villosus (Geoffroy) (Coleoptera: Elateridae). International Journal of 
Insect Morphology, 28, 41 – 51. 
 
Mills, N. (2005) Selecting effective parasitoids for biological control 
introductions: Codling moth as a case study. Biological Control, 34, 274 – 
 266 
282. 
 
Ministerial Conference on the Protection of Forests in Europe. (2007) State of 
Europe’s Forests. The MCPFE Report on Sustainable Forest. Jointly prepared 
by the MCPFE Liaison Unit Warsaw, UNECE and FAO. Liaison Unit Warsaw, 
Poland. 
 
Montgomery, M.E. & Wargo, P.M. (1983) Ethanol and other host-derived 
volatiles as attractants to beetles that bore into hardwoods. Journal of 
Chemical Ecology, 9, 181-190. 
 
Morewood, W.D., Neiner, P.R., McNeil, J.R., Sellmer, J.C., & Hoover, K. 
(2003) Oviposition preference and larval performance of Anoplophora 
glabripennis (Coleoptera: Cerambycidae) in four eastern North America 
hardwood tree species. Environmental Entomology, 32, 1028 – 1034. 
 
Morris, M.G. (1991) Weevils. Naturalist’s Handbook 16, 1 – 76. Richmond 
Publishing Co. Ltd., England. 
 
Muck, M. (2008) Increase of the occurrence of beech bark beetles in Bavaria- 
current results of swarming activity and attack behaviour influenced by air 
temperature and wood moisture. Forstschutz Aktuell, 45, 6 - 8. 
 
 
Müller, J., Hothorn, T., & Pretzsch, H. (2007) Long-term effects of logging 
intensity on structures, birds, saproxylic beetles and wood-inhabiting fungi in 
stands of European beech Fagus sylvatica L. Forest Ecology and 
Management, 242, 297 – 305. 
 
Müller, J., Buβler, H., & Kneib, T. (2008) Saproxylic beetle assemblages 
related to silvicultural management intensity and stand structures in a beech 
forest in Southern Germany. Journal of Insect Conservation, 12, 107 – 124. 
 
Müller-Using, S. & Bartsch, N. (2009) Decay dynamic of coarse and fine 
woody debris of a beech (Fagus sylvatica L.) forest in central Germany. 
European Journal of Forest Research, 128, 287 – 296. 
 
Munk, T. (1991) Two species of Diapriinae Diapriidae Hymenoptera reared 
from Tephrochlamys tarsalis Heleomyzidae Diptera. Flora og Fauna, 97, 47 -
49. 
 
Muona, J. (2002) Eucnemidae Eschscholtz 1829. Arnett, R.H., Jr., Thomas, 
M.C., Skelley, P.E., & Frank, J.H. (eds.) American Beetles. 2. Polyphaga: 
Scarabaeoidea through Curculionoidea. CRC Press, Boca Raton, Florida.152 
– 157. 
 
Muona, J. & Teräväinen, M. (2008) notes on the biology and morphology of 
false click-beetle larvae (Coleoptera: Eucnemidae). The Coleopteran Bulletin, 
62, 475 - 479. 
 
 267 
Mustaparta, H. (2002) Encoding of plant odour information in insects: 
peripheral and central mechanisms. Entomologia Experimentalis et Applicata, 
104, 1 – 13. 
 
Najar-Rodiguez, A.J., Galizia, C.G., Stierle, J., & Dorn, S. (2010) Behavioural 
and neurophysiological response of an insect to changing ratios of 
constituents in host plant-derived volatile mixtures. Journal of Experimental 
Biology, 213, 3388 – 3397. 
 
Neumann, G., Follet, P.A., Hollingsworth, R.G. & de León, J.H. (2010) High 
host specificity in Encarsia diaspidicola (Hymenoptera: Aphelinidae), a 
biological control candidate against the white peach scale in Hawaii. 
Biological Control, 54, 107 – 113. 
 
Newell, P. & King, S. (2009) Relative abundance and species richness of 
cerambycid beetles in partial cut and uncut bottomland hardwood forests. 
Canadian Journal of Forest Research, 39, 2100 – 2108. 
 
Ngumbi, E., Chen, L., & Fadamiro, H. (2010) Electroantennogram (EAG) 
responses of Microplitis croceipes and Cotesia marginiventris and their 
lepidopteran hosts to a wide array of odor stimuli: Correlation between EAG 
response and degree of host specificity? Journal of Insect Physiology, 56, 
1260 – 1268. 
Niemz, p., hofmann, T., & Rétfalvié, T. (2010) investigation of chemical 
changes in the structure of thermally modified wood. Maderas Ciencia y 
Tecnologia, 12, 69 – 78. 
 
Nixon, G.E.J. 1957. Hymenoptera, Proctotrupoidea, Diapriidae, subfamily 
Belytinae. Handbooks for the Identification of British Insects no. 8, 1-107. 
 
Norden, B. & Pallto, H. (2001) Wood-decay fungi in hazel wood: species 
richness correlated to stand-age and dead wood features. Biological 
Conservation, 101, 1 – 8.  
 
Norden, B., Ryberg, M., Gotmark, F., & Olausson, B. (2004) Relative 
importance of coarse and fine woody debris for the diversity of wood-
inhabiting fungi in temperate broadleaf forests. Biological Conservation, 117, 
1 – 10. 
 
O’Hanlon, D.L. & Kotanen, P.M. (2004) Logs as refuges from fungal 
pathogens for seeds of eastern hemlock (Tsuga Canadensis). Ecology, 85, 
284-289. 
 
Ódor, P., Heilmann-Clausen, J., Christensen, M., Aude, E., van Dort, K.W., 
Pitlaver, A., Siller, I., Veerkamp, M.T., Walleyn, R., Standovár, T., van Hees, 
A.F.M., Kosec, J., Matočec, N., Kraigher, H., & Grebenc, T. (2006) Diversity of 
dead wood inhabiting fungi and bryophytes in semi-natural beech forests in 
Europe. Biological Conservation, 131, 58 – 71. 
 268 
 
Ohsawa, M. (2008) Different effects of coarse woody material on the species 
diversity of three saproxylic beetle families (Cerambycidae, Melandryidae, and 
Curculionidae). Ecological Research, 23, 11 – 20. 
 
Økland, B., Bakke, A., Hagvar, S., & Kvamme, T. (1996) What factors 
influence the diversity of saproxylic beetles ? A multiscaled study from a 
spruce forest in southern Norway. Biodiversity and Conservation, 5, 75 – 100. 
 
Osawa, M. (2008) Different effects of coarse woody material on the species 
diversity of three saproxylic beetle families (Cerambycidae, Melandryidae, and 
Curculionidae). Ecology Research, 23, 11 – 20. 
 
Oses, R., Valenzuela, S., Freer, J., Sanfuentes, E., & Rodriguez, J. (2008) 
Fungal endophytes in xylem of healthy Chilean trees and their possible role in 
early wood decay. Fungal Diversity, 33, 77 – 86. 
 
Otalora-Luna, F. & Dickens, J.C. (2011) Spectral preference and temporal 
modulation of photic orientation by Colorado potato beetle on a servosphere. 
Entomologia Experimentalis et Applicata, 138, 93 – 103. 
 
Pajares, J.A., Ibeas, F., Diez, J.J., & Gallego, D. (2004) Attractive responses 
by Monochamus galloprovincialis (Col: Cerambycidae) to host and bark beetle 
semiochemicals. Journal of Applied Entomology, 128, 633 – 638. 
 
Pajares, J.A., Alvarez, G., Ibeas, F., Gallego, D., Hall., D.R., & Farman, D.I. 
(2010) Identification and field activity of a male-produced aggregation 
pheromone in the pine sawyer beetle, Monochamus galloprovincialis. Journal 
of Chemical Ecology, 36, 570 – 583. 
 
Paletto, A. & Tosi, V. ( 2010) Deadwood density variation with decay class in 
seven tree species of the Italian Alps. Scandinavian Journal of Forest 
Research, 25, 164 - 173. 
 
Palm, T. (1959) The wood and bark Coleoptera of deciduous trees in southern 
and central Sweden. Opuscula Entomologica Supplementum XVI (in German, 
English Summary), 16, 1 – 375. 
Parfitt, D., Hunt, J., Dockrell, D., Rogers, H., & Boddy, L. (2010) Do all tress 
carry the seeds of their own destruction? PCR reveals numerous wood decay 
fungi latently present in sapwood of a wide range of angiosperm trees. Fungal 
Ecology, 3, 338-346. 
 
Pearce, R.B. (1996) Antimicrobial defences in the wood of living trees. New 
Phytologist, 132, 203 – 233. 
 
Peňa, J.E., Crane, J.H., Capinera, J.L., Duncan, R.E., Kendra, P.E., Ploetz, 
R.C., McLean, S., Brar, G., Thomas, M>C., & Cave, R.D. ( 2011) Chemical 
control of the redbay ambrosia beetle, Xyleborus glabratus, and other 
 269 
Scolytinae (Coleoptera: Curculionidae). Florida Entomologist, 94, 882 – 896. 
 
Pennacchio, F., Fanti, P., Falabella, P., Digilio, M.C., Bisaccia, F., & 
Tremblay, E. (1999) Development and nutrition of the braconid wasp, 
Aphidius ervi in aposymbiotic host aphids. Archives of Insect Biochemistry 
and Physiology, 40, 56 – 63. 
Perrichot, V. & Nel, A. (2008) A new belytine wasp in Cretaceous amber from 
France (Hymenoptera: Diapriidae). Alavesia, 2, 203 – 209. 
 
Persson, Y., Ihrmark, K., & Stenlid, J. (2011) Do bark beetles facilitate the 
establishment of rot fungi in Norway spruce? Fungal Ecology, 4, 262 – 269. 
 
Peters, R.S. (2011) Two ways of finding a host: a specialist and a generalist 
species (Hymenoptera: Chalcidoidea: Pteromalidae). European Journal of 
Entomology, 108, 565 – 573. 
Pettersson, E.M. (2001) Volatile attractants for three Pteromalid parasitoids 
attacking concealed spruce bark beetles. Chemoecology, 11, 89 - 95. 
 
Pettersson, E.M., Hallberg, E., & Birgersson, G. (2001) Evidence for the 
importance of odour-perception in the parasitoid Rhopalicus tutela (Walker) 
(Hym., Pteromalidae). Journal of Applied Entomology, 125, 293 - 301. 
Pettersson, E.M., Sullivan, B.T., Anderson, P., Berisford, C.W., & Birgersson, 
G. (2000) Odor perception in the bark beetle parasitoid Roptrocerus 
xylophagorum (Ratzeburg) (Hymenoptera: Pteromalidae) exposed to host 
associated volatiles. Journal of Chemical Ecology, 26, 2507 – 2525. 
Pieris, D., Dunn, W.B., Brown, M., Kell, D.B., Roy, I., & Hedger, J.N. (2008) 
Metabolite profiles of interacting mycelial fronts differ for pairings of the wood 
decay Basidiomycete fungus, Stereum hirsutum with its competitors Coprinus 
micaceus and Coprinus disseminatus. Metabolomics, 4, 52 – 62. 
 
Pilarski, J., Tokarz, K., & Kocurek, M (2008) Optical properties of the cork of 
stems and trunks of beech (Fagus sylvatica L.). Polish Journal of 
Environmental Studies, 17, 773 – 779. 
 
Ponomarenko, A.G. (2003) Ecological evolution of beetles (Insecta: 
Coleoptera). Acta zoological cracoviensia, 46 (suppl. – Fossil Insects): 319 – 
328. 
 
Ponomarenko, A.G. (2004) Beetles (Insecta: Coleoptera) Of the late Permian 
early Triassic. Paleontological Journal, 38 suppl. 2, S185 – S196. 
 
Ponomarenko, A.G. & Ren, D. (2010) First record of Notocupes (Coleoptera: 
Cupedidae) in locality Daohugou, middle Jurassic of Inner Mongolia, China. 
Annales Zoologici, 60, 169 – 171. 
 
 270 
Pouska, V., Svoboda, M., & Lepsova, A. (2010) The diversity of wood-
decaying fungi in relation to changing site conditions in an old-growth 
mountain spruce forest, central Europe. European Journal of Forest 
Research, 129, 219-231. 
 
Pujana, R.R., Massini, J.L.G., Brizuela, R.R., & Burrieza, H.P. (2009) 
Evidence of fungal activity in silicified gymnosperm wood from the Eocene of 
southern Patagonia (Argentina). Geobios, 42, 639 – 647. 
 
Quicke, D.L.J. (1997) Parasitic Wasps. Chapman and Hall, London. 
 
Ranius, T. & Jansson, N. (2000) the influence of forest regrowth, original 
canopy cover and tree size on saproxylic beetles associated with old oaks. 
Biological Conservation, 95, 85 - 94. 
 
Rapp, A.O. (2001) Review on heat treatments of wood. European Thematic 
Network for Wood modification. European Commission, Belgium. 
www.projects.bre.co.uk/ecotan/pdf/Heat_treatment_processes_Andreas_Rap
p%20.pdf [Accessed 20/12/2008]. 
 
 
Ray, A.M., Žunič, A., Alten, R.L., McElfresh, J.S., Hanks, L.M., & Millar, J.G. 
(2011) cis-Vaccenyl acetate, a female-produced sex pheromone component 
of Ortholeptura valida, a longhorned beetle in subfamily Lepturinae. Journal of 
Chemical Ecology, 37, 173 – 178. 
 
Rayner, A.D.M. & Boddy, L. (1988) Fungal Decomposition of Wood. Wiley-
Interscience Publication, Chichester, UK. 
 
Redecker, D., Kodner, R., & Graham, L.E. (2000) Glomalean fungi from the 
Ordovician. Science, 289, 1920 – 1921. 
 
Reisenman, C.E., Dacks, A.M., & Hildebrand, J.G. (2011) Local interneuron 
diversity in the primary olfactory center of the moth Manduca sexta. Journal of 
Comparative Physiology A, 197, 653 – 665. 
 
Renou, M., Tauban, D., & Morin, J-P. (1998) Structure and function of 
antennal pore plate sensilla of Oryctes rhinoceros (L.) (Coleoptera: 
Dynastidae). International Journal of Insect Morphology and Embryology, 27, 
227 – 233. 
 
Rietdorf, K. & Steidle, J.M. (2002) Was Hopkins right? Influence of larval and 
early adult experience on the olfactory response in the granary weevil 
Sitophilus granaries (Coleoptera: Curculionidae). Physiological Entomology, 
27, 223 – 237. 
 
Robertson, H.M., Warr, C.G., & Carlson, J.R. (2003) Molecular evolution of 
the insect chemoreceptor gene superfamily in Drosophila melanogaster. 
Proceedings of the National Academy of Sciences of the United States of 
America, 100, 14537 – 14542. 
 271 
 
Robertson, H.M., Gadau, J., & Wanner, K.W. (2010) The insect 
chemoreceptor superfamily of the parasitoid jewel wasp Nasonia vitripennis. 
Insect Molecular Biology, 19, 121 – 136. 
 
Rodstein, J., McElfresh, J.S., Barbout, J.D., Ray, A.M., Hanks, L.M., & Millar, 
J.G. (2009) Identification and synthesis of a female=produced sex pheromone 
of the cerambycid beetle Prionus californicus. Journal of Chemical Ecology, 
35, 590 – 600. 
Rosa, L.H., Vieira, M. d.L.A., Santiago, I.F., & Rosa, C.A. (2010) Endophytic 
fungal community associated with the dicotyledonous plant Colobanthus 
quitensis (Kunth) Bartl. (Caryophyllaceae) in Antarctica. FEMS Microbial 
Ecology, 73, 178 – 189. 
 
Rose, D., Leather, S.R., & Matthews, G.A. (2005) Recognition and avoidance 
of insecticide-treated Scots pine (Pinus sylvestris) by Hylobius abietis 
(Coleoptera: Curculionidae): implications for pest management. Agricultural 
and Forest Entomology, 7, 187 – 191. 
 
Rose, D., Matthews, G.A., & Leather, S.R. (2006) Sub-lethal responses of the 
large pine weevil, Hylobius abietis, to the pyrethroid insecticide lambda-
cyhalothrin. Physiological Entomology, 31, 316 – 327. 
 
Rose, U.S.R., Alborn, H.T., Makranczy, G., Lewis, W.J., & Tumlinson, J.H. 
(1997) Host recognition by the specialist endoparasitoid Microplitis croceipes 
(Hymenoptera: Braconidae): role of host and plant-related volatiles. Journal of 
Insect Behavior, 10, 313 – 330. 
 
Royal Forestry Society (2012) http://www.rfs.org.uk [Accessed 7/02/2012]. 
 
Ruther, J., Döring, M., & Steiner, S. (2011) Cuticular hydrocarbons as contact 
sex pheromone in parasitoid Dibrachys cavus. Entomologia Experimentalis et 
Applicata, 140, 59 – 68. 
Saint-Germain, M., Buddle, C.M., & Drapeau, P. (2006) Sampling saproxylic 
Coleoptera: scale issues and importance of behaviour. Environmental 
Entomology, 35, 478 – 487. 
 
Saint-Germain, M., Buddle, C.M., & Drapeau, P. (2007) Primary attraction and 
random landing in host-selection by wood-feeding insects: a matter of scale? 
Agricultural and Forest Entomology, 9, 227 – 235. 
 
Saint-Germain, M., Buddle, C.M; Drapeau, P. (2009) Landing patterns of 
phloem and wood-feeding Coleoptera on black spruce of different 
physiological and decay states. Environmental Entomology, 38, 797-802. 
 
Saint-Germain, M., Buddle, C.M; Drapeau, P. (2010) Substrate selection by 
saprophagous wood-borer larvae within highly variable hosts. Entomologia 
 272 
Experimentalis et Applicata, 134, 227-233. 
 
Saint-Germain, M. & Drapeau, P. (2011) Response of saprophagous wood-
boring beetles (Coleoptera: Cerambycidae) to severe habitat loss due to 
logging in a aspen-dominated boreal landscape. Landscape Ecology, 26, 573 
– 586. 
 
Samietz, J., Kroder, S., Schneider, D., & Dorn, S. (2006) Ambient temperature 
affects mechanosensory host location in a parasitic wasp. Journal of 
Comparative Physiology A, 192, 151 – 157. 
Sánchez-Gracia, A., Vieira, F.G., & Rozas, J. (2009) Molecular evolution of 
the major chemosensory gene families in insects. Heredity, 103, 208 – 216. 
 
Sánchez-Hidalgo, M., Pacual, J., de la Cruz, M., Martin, J., Kath, G.S., 
Sigmund, J.M., Masurekar, P., Vicente, F., Genilloud, O., & Bills, G.F. (2012) 
Prescreening bacterial colonies for bioactive molecules with Janus plates, 
SBS standard double-faced microbial culturing system. Antonie van 
Leeuwnehoek, 102, 361 – 374. 
 
Sandler, B.H., Nikonova, L., Leal, W.S., & Clardy, J. (2000) Sexual attraction 
in the silk moth: structure of the pheromone-binding-protein-bombykol 
complex. Chemistry and Biology, 7, 143 – 151. 
 
Sato, K., Pellegrino, M., Nakagawa, T., Nakagawa, T., Vosshall, L.B., & 
Touhara, K. (2008) Insect olfactory receptors are heteromeric ligand-gated ion 
channels. Nature, 452, 1002 – 1007. 
 
Saunders, M.R., Faver, S., & Wagner, R.G. (2011) Nutrient concentration of 
down woody debris in mixedwood forests in central Maine, USA. Silva 
Fennica, 45, 197 – 210. 
 
Schiegg, K. (2000) Saproxylic insect diversity of beech: limbs are richer than 
trunks. Forest Ecology and Management, 149, 295-304. 
 
Schmidt, J.M., Cardé, R.T., & Vet, L.E.M. (1993) Host recognition by Pimpla 
instigator F. (Hymenoptera: Ichneumonidae): Preferences and learned 
responses. Journal of Insect Behaviour, 6, 1 –11. 
 
Schoch, C.L., Sung, G-H., Lopez-Giraldez, F., Townsend J.P., Miadilkowski, 
J., Hofstetter, V., Robbertse, B., Matheny, P.B., Kauff, F., Wang, Z., Gueidan, 
C., Andrie, R.M., Trippe, K., Ciufetti, L.M., Wynns, A., Fraker, E., Hodkinson, 
B.P., Bonito, G., Groenewald, J.Z., Arzanlou, M., de Hoog, G.S., Crous, P.W., 
Hewitt, D., Pfister, D.H., Peterson, K., Gryzenhout, M., Wingfield, M.J., 
Aptroot, A., Suh, S-O., Blackwell, M., Hillis, D.M., Griffith, G.W., Castlebury, 
L.A., Rossman, A.Y., Lumbsch, H.T., Luecking, R., Buedel, B., Rauhut, A., 
Diedrich, P., Ertz, D., Geiser, D.M., Hosaka, K., Inderbitzen, P., Kohlmeyer, 
J., Volkmann-Kohlmeyer, B., Mostert, L., O’Donnell, K., Sipman, H., Rogers, 
J.D., Shoemaker, R.A., Sugiyama, J., Summerbell, R.C., Untereiner, W., 
Johnston, P.R., Stenroos, S., Zuccaro, A., Dyer, P.S., Crittenden, P.D., Cole, 
 273 
M.S., Hansen, K., Trappe, J.M., Yahr, R., Lutzoni, F., Spatafora, J.W. (2009) 
The Ascomycota tree of life: a phylum-wide phylogeny clarifies the origin and 
evolution of fundamental reproductive and ecological traits. Systematic 
Biology, 58, 224 – 239. 
 
Schwarze, F.W.M.R. (2007) Wood decay under the microscope. Fungal 
Biology Reviews, 1 – 38. 
Score, A.J., Palfreyman, J.W., & White, N.A. (1997) Extracellular 
phenoloxidase and peroxidase enzyme production during interspecific fungal 
interactions. International Biodeterioration and Biodegradation, 39, 225 – 233. 
 
Šëvčik, J. (2006) Diptera associated with fungi in the Czech and Slovak 
republics. Čas. Slez. Muz. Opava (A), 55, 1 – 84. 
 
Shary, S., Ralph, S.A., & Hammel, K.E. (2007) New insights into the 
ligninolytic capability of a wood decay ascomycete. Applied and 
Environmental Microbiology, 73, 6691 – 6694. 
 
Shaw, M. (2006) Habitat considerations for parasitic wasps (Hymenoptera). 
Journal of Insect Conservation, 10, 117-127. 
 
Shaw, M. & Hochberg, M.E. (2001) The neglect of parasitic Hymenoptera in 
insect conservation strategies: the British fauna as a prime example. Journal 
of Insect Conservation, 5, 253 - 263. 
 
Shaw, M.R. & Huddleston, T. (1991) Classification and biology of braconid 
wasps. Handbooks for the identification of British insects, 7, part 11, 110 pp. 
Royal Entomological Society of London & British Museum (Natural History), 
London. Henry Ling, Dorchester, Dorset, UK. 
 
Shimin, W. (2005) Volatile compounds generated by Basidiomycetes. Ph.D 
Thesis, University of Hanover, Germany. 
 
Sieber, T. (2007) Endophytic fungi in forest trees: are they mutualists? Fungal 
Biology Reviews, 21, 75 – 89. 
 
Silk ,P., Sweeney, J., Wu, J.P., Sopow, S., Mayo, P.D., & Magee, D. (2011) 
Contact sex pheromone for two species of longhorned beetles (Coleoptera: 
Cermabycidae) Tetropium fuscum and T. cinnamopterum in the Subfamily 
Spondylidinae. Environmental Entomology, 40, 714 – 726. 
 
Simpson, W. & TenWolde, A. (1999) Wood Handbook – Wood as an 
engineering material. Chapter 3, Physical properties and moisture relations of 
wood. U.S. Department of Agriculture, Forest Service, Forest Products 
Laboratory, 463 p. 
 
Sippola, A.L., Simila, M., Monkkonen, M., & Jokimaki, J. (2004) Diversity of 
polyporous fungi (Polyporaceae) in northern boreal forests: effects of forest 
site type and logging intensity. Scandinavian Journal of Forest Research, 19, 
152-163. 
 274 
 
Slone, D.H. & Sullivan, B.T. (2007) An automated approach to detecting 
signals in electroantennograms data. Journal of Chemical Ecology, 33, 1748 – 
1766. 
Smith, K.W. (2007) The utilization of dead wood resources by woodpeckers in 
Britain. IBIS, 149,183-192. 
 
Smith, M.T., Bancroft, J., & Tropp, J. (2002) Age-specific fecundity of 
Anoplophora glabripennis (Coleoptera: Cerambycidae) on three tree species 
infested in the United States. Environmental Entomology, 31, 76 – 83. 
 
Šnajdr, J., Dobiášová, P., Větrovský, T., Valášková, V., Alawi, A., Boddy, L., & 
Baldrian, P. (2011) Saprotrophic Basidiomycete mycelia and their interspecific 
interactions affect the spatial distribution of extracellular enzymes in soil. 
FEMS Microbial Ecology, 78, 80 – 90. 
 
Sokolowski, M.B. & Turlings, T.C.J. (1987) Drosophila parasitoid-host 
interactions; vibrotaxis and ovipositor searching from the host’s perspective. 
Canadian Journal of Zoology, 65, 461 – 464. 
Solár, K., Kurjatko, S., Mamoň, M., Košiková, B., Neuschlová, E., Výbohová, 
E., & Hudec, J. (2007) Selected properties of beech wood degraded by 
brown-rot fungus Coniophora puteana. Drvna Industrija, 58, 3 – 11. 
 
Southwood, T.R.E. (1961) The numbers of species of insect associated with 
various trees. Journal of Animal Ecology, 30, 1-8. 
 
Speight, M.C.D. (1989) Saproxylic invertebrates and their conservation. 
Nature and Environment Series, No. 42. Strasbourg, Council of Europe, 
Publications and Documents Division. 
 
Spikes, A.E., Paschen, M.A., Millar, J.G., Moreira, J.A., Hamel, P.B., Schiff, 
N.M., & Ginzel, M.D. (2010) First contact pheromone identified for a 
longhorned beetle (Coleoptera: Cerambycidae) in the Subfamily Prioninae. 
Journal of Chemical Ecology,36, 943 – 954. 
 
Splivallo, R., Fischer, U., Göbel, C., Feussner, I., & Karlovsky, P. (2009) 
Truffles regulate plant root morphogenesis via the production of auxin and 
ethylene. Plant Physiology, 150, 2018-2029. 
 
Stamm, l. & Grove, S. (2010) A five-point decay-class system for coarse 
woody debris in Tasmanian wet eucalypt forests. Forestry Department, 
Tasmania. 
http://oldforests.com.au/pages/Posters/Stamm_Grove_DCS.pdf 
[Accessed 20/03/2012]. 
 
 275 
Steiger, S., Schmitt, T., & Schaefer, H.M. (2010) The origin and dynamic 
evolution of chemical information transfer. Proceedings of the Royal Society 
B: Biological Sciences, 278, 970 – 979. 
 
Steiner, S., Steidle, J.L.M., & Ruther, J. (2007) Host-associated kairomones 
used for habitat orientation in the parasitoid Lariophagus distinguendus 
(Hymenoptera: Pteromalidae). Journal of Stored Products Research, 43, 587 
– 593. 
 
Stelinski, L.L., Oakleaf, R., & Rodriguez-Saona, C. (2007) Oviposition-
deterring pheromone deposited on blueberry fruit by the parasitic wasp 
Diachasma alloeum. Behaviour, 144, 429 – 445. 
Stenbacka, F., Hjältén, J., Hilszczański, J., ball, J.P., Gibb, H., Johansson, T., 
Pettersson, R.B., & Danell, K. (2010) Saproxylic parasitoid (Hymenoptera: 
Ichneumonoidea) communities in managed boreal forest landscapes. Insect 
conservation and Diversity, 3, 114 – 123. 
 
Stoepler, T.M., Lill, J.T., & Murphy, S.M. (2011) Cascading effects of host size 
and host plant species on parasitoid resource allocation. Ecological 
Entomology, 36, 724 – 735.  
Stubblefield, S.P., Taylor, T.N., & Beck, C.B. (1985) Studies of paleozoic 
fungi. iv.  wood-decaying fungi in Callixylon newberryi from the upper 
Devonian. American Journal of Botany, 72, 1765 – 1774. 
 
Suckling, D.M., Gibb, A.R., Daly, J.M., Chen, X., & Brockerhoff, E.G. (2001) 
Behavioural and electrophysiological responses of Arhopalus tristis to burnt 
pine and other stimuli. Journal of Chemical Ecology, 27, 1091 – 1104. 
 
Sugimoto, T., Kawado, K., & Tadera, K. (1988) Responses to the host mine 
by two parasitic wasps, Dapsilarthra rufiventris (Hymenoptera: Braconidae) 
and Chrysocharis pentheus (Hymenoptera: Eulophidae). Journal of Ethology, 
6, 55 – 58. 
Sun, X., Guo, L.D., & Hyde, K.D. (2011) Community composition of 
endophytic fungi in Acer truncatum and their role in decomposition. Fungal 
Diversity, 47, 85 – 95. 
 
Sunesson, A-L., Vaes, W.H.J., Nilsson, C-A., Blomquist, G., Andersson, B., & 
Carlson, R. ( 1995) Identification of volatile metabolites from five fungal 
species cultivated on two media. Applied and Environmental Microbiology, 61, 
2911 – 2918. 
 
Švácha, P. & Danilevsky, M.L. (1987) Cerambycoid larvae of Europe and 
Soviet Union (Coleoptera, Cerambycoidea), Part II. Acta Universtatis 
Carolinae – Biologica, 31, 121 – 284. 
 
 276 
Švácha, P. & Danilevsky, M.L. (1988) Cerambycoid larvae of Europe and 
Soviet Union (Coleoptera, Cerambycoidea), Part III. Acta Universtatis 
Carolinae – Biologica, 32, 1 – 205. 
 
Swarup, S., Williams, T.I., & Anholt, R.R.H. (2011) Functional dissection of 
odorant binding protein genes in Drosophila melanogaster. Genes, Brains and 
Behaviour, 10, 648 – 657.  
 
Sweeney, J., de Groot, P., Humble, L., MacDonald, L., Price, J., Mokrzycki, 
T., & Gutowski, J.M. (2007) Detection of wood-boring species in 
semiochemical-baited traps.  Forest Research Institute, Warsaw (eds Evans, 
H. & Oszako, T.) 
 
Tan, X.M., Chen, X.M., Wang, C.L., Jin, X.H., Ciu, J.L., Chen, J., Guo, S.X., & 
Zhao, L.F. (2012) Isolation and identification of endophytic fungi in the roots of 
nine Holcoglossom plants (Orchidaceae) collected from Yunnan, Guangxi, 
and Hainan provinces of China. Current Microbiology, 64, 140 – 147. 
 
Taylor, J.W. & Berbee, M.L. (2006) Dating divergences in the Fungal Tree of 
Life: review and new analyses. Mycologia, 98, 838 – 849. 
 
Taylor, T.N. & Krings, M. (2005) Fossil microorganisms and land plants: 
Associations and interactions. Symbios, 40, 119 – 135. 
 
Taylor, T.N. & Taylor, E.L. (1997) The distribution and interactions of some 
Paleozoic fungi. Review of Palaeobotany and Palynology, 95, 83 – 94. 
The Journal of Experimental Biology, 213, 3388 – 3397. 
 
Thomas, S.L., Wagner, R.G., & Halteman, W.A. (2009) Influence of harvest 
gaps and coarse woody material on click beetles (Coleoptera: Elateridae) in 
Maine’s Acadian forest. Biodiversity Conservation, 18, 2405 – 2419. 
 
Togashi, K. (2007) Lifetime fecundity and female body size in Paraglenea 
fortune (Coleoptera: Cerambycidae). Applied Entomology, 42, 549 – 556. 
 
Tokarz, K. & Pilarski, J. (2005) Optical properties and the content of 
photosynthetic pigments in the stems and leaves of the apple tree. Acta 
Physiology Plant, 27, 183 – 191. 
 
Tomaso, H., Bartling, C., Al Dahouk, S., Hagen, R.M., Scholz, H.C., Beter, 
W., & Neubauer, H. (2006) Growth characteristics of Bacillus anthracis 
compared to other Bacillus spp. on the selective nutrient media Anthrax Blood 
Agar® . Systematic and Applied Microbiology, 29, 24 – 28. 
 
Toppe, W., Kappes, H., Kulfan, J., & Zach, P. (2006) Litter-dwelling beetles in 
primeval forests of central Europe: does deadwood matter? Journal of Insect 
Conservation, 10, 229 - 239. 
 
Torbjörn, J., Olsson, J., & Östlund, L. (2010) Linking forest history and 
conservation efforts: Long-term impact of low-intensity timber harvest on 
 277 
forest structure and wood-inhabiting fungi in northern Sweden. Biological 
Conservation, 143, 1803-1811. 
 
Ulyshen, M.D., Duan, J.J., & Bauer, L.S. (2010) Interactions between 
Spathius agrili (Hymenoptera: Braconidae) and Tetrastichus planipennisi 
(Hymenoptera: Eulophidae), larval parasitoids of Agrilus planipennis 
(Coleoptera: Buprestidae). Biological Control, 52, 188 – 193. 
 
Ulyshen, M.D., Pucci, T.M., & Hanula,  J.L. (2011) The importance of forest 
type, tree species and wood posture to saproxylic wasp (Hymenoptera) 
communities in the southeastern United States. Journal of Insect 
Conservation, 15, 539 – 546. 
 
Unterseher, M., Reiher, A., Otto, P., & Schnittler, M. (2008) Fungi in living tree 
crowns – 5-years fungal biodiversity research at the Leipzig Canopy Crane. 
Zeitschrift fuer Mykologie, 74, 203 – 220. 
 
Unwin, D.M. (1988) A key to the families of British beetles. Field Studies 6, 
149 – 197. Field Studies Council, Shropshire, UK. 
 
van Achterberg, C. (1988) Revision of the tribes Blacini (Hymenoptera, 
Braconidae, Helconiniae). Tijdschr. Entomology, 118, 159 – 322. 
 
van Baaren, J., Boivin, G., Bourdais, D., & Roux, O. (2007) Antennal sensilla 
of hymenopteran parasitic wasps: variations linked to host exploitation 
behaviour. Modern Research and Educational Topics in Microscopy,(eds 
Mendez Villas, A. & Alvarez, J.D.), 345 – 352. Elseiver, Amsterdam, 
Netherlands.  
 
van Baaren, J., Outreman, Y., & Boivin, G. (2005) Effect of low temperature 
exposure on oviposition behaviour and patch exploitation strategy in parasitic 
wasps. Animal Behaviour, 70, 153 – 163. 
van Nouhuys, S. & Kaartinen, R. (2008) A parasitoid wasp uses landmarks 
while monitoring potential resources. Proceedings of the Royal Society, 275, 
377 – 385. 
Vandermoten, S., Francis, F., Hauberge, E., & Leal, W.S. (2011) Conserved 
odorant-binding proteins from aphids and eavesdropping predators. PLoS 
One, 6, 1 – 6. 
 
Vanderwel, M.C., Malcolm, J.R., Smith, S.M., & Islam, N. (2006) Insect 
community composition and trophic guild structure in decaying logs from 
eastern Canadian pine-dominated forests. Forest Ecology and Management, 
225, 190 – 199. 
 
Vartoukian, S.R., Palmer, R.M., & Wade, W.G. (2010) Strategies for culture of 
“unculturable” bacteria. FEMS Microbial Letters, 309, 1 – 7. 
 
 278 
Vasanthakumar, A., Delalibera, I., Handelsman, J., Klepzig, K.D., Schloss, 
P.D., & Raffa, K.F. (2006) Characterization of gut-associated bacteria in 
larvae and adults of the southern pine beetle, Dendroctonus frontalis 
Zimmermann. Molecular Ecology and Evolution, 35, 1710 – 1717. 
 
Vet, L.E.M., & Dicke, M. (1992) Ecology of Infochemical Use by Natural 
Enemies in a Tritrophic Context. Annual Review Entomology, 37, 141 – 72. 
 
Villagra, C.A., Pennacchio, F., & Niemeyer, H.M. (2007) The effect of larval 
and early adult experience on behavioural plasticity of aphid parasitoid 
Aphidius ervi (Hymenoptera, Braconidae, Aphidiinae). Naturwissenschaften, 
94, 903 -910. 
Vodka, S., Konvicka, M., Cizek, L. (2009) Habitat preferences of oak-feeding 
xylophagous beetles in a temperate woodland: implications for forest history 
and management. Journal of Insect Conservation, 12, 553-562. 
 
Vosshall, L.B. (2008) Scent of a fly. Neuron, 59, 685 – 689. 
 
Vrko, P., Valterova, I.,Vrko, J., & Koutek, B. (2000) Volatiles released from 
oak, a host tree for the bark beetle Scolytus intricatus. Biochemical 
Systematics and Ecology, 28, 933 - 947. 
 
Walczyńska, A. (2007) Energy budget of wood-feeding larvae of Corymbia 
rubra (Coleoptera: Cerambycidae). European Journal of Entomology, 104, 
181 – 185. 
 
Wald, P., Pitkänen, S., & Boddy, L. (2004) Interspecific interactions between 
the rare tooth fungi Creolophus cirrhatus, Hericium erinaceus and H. 
coralloides and other wood decay species in agar and wood. Mycological 
Research, 108, 1447 – 1457. 
 
Wallace, J. (2009) Elateridae of the British Isles. www.elateridae.co.uk. 
[Accessed 01/06/2009]. 
 
Wang, J.W., Wong, A.M., Flores, J., Vosshall, L.B., & Axel, R. (2003) Two-
photon calcium imaging reveals an odor-evoked map of activity in the fly 
brain. Cell, 112, 271 – 282. 
 
Wang, X-Y., Yang, Z-Q., Gould, J.R., Wu, H., & Ma, J-H. (2010) Host-seeking 
behaviour and parasitism by Spathius agrili Yang (Hymenoptera: Braconidae), 
a parasitoid of the emerald ash borer. Biological Control, 52, 24 – 29. 
Wang, X. & Yang, Z. (2008) Behavioural mechanisms of parasitic wasps for 
searching concealed insect hosts. Acta Zoologica Sinica, 28, 1257 -1269. 
 
Warneke, C., Karl, T., Judmaier, H., Hansel, A., & Jordan, A. (1999) Acetone, 
methanol, and other partially oxidized volatile organic emissions from dead 
 279 
plant matter by abiological processes: Significance for atmospheric HOX 
chemistry. Global Biogeochemical Cycles, 13, 9 – 17. 
 
Wege, P.J., Hoppé, M.A., Bywater, A.F., Weeks, S.D., & Galloe, T.S. (1999) A 
microencapsulated formulation of lambda cyhalothrin. Proceedings on the 3rd 
International Conference on Urban Pests, Prague, Czech Republic, 19th – 
22nd July.. (Eds Robinso, W.H; Rettich, F; Rambo. G.W.). 301 – 310. 
 
Weiland, J.J. & Guyonnet, R. (2003) Study of chemical modifications and 
fungi degradation of thermally modified wood using DRIFT spectroscopy. Holz 
als Roh und Werkstoff, 61, 216 – 220. 
 
Weissbecker, B., Holighaus, G., & Schütz, S. (2004) Gas chromatography 
with mass spectrometric and electroantennographic detection: analysis of 
wood odorants by direct coupling of insect olfaction and mass spectrometry. 
Journal of Chromatography A, 1056, 209 - 216. 
 
Weng, J-K. & Chapple, C. (2010) The origin and evolution of lignin 
biosynthesis. New Phytologist, 187, 273 – 285. 
 
Weslien, J., Djupström, L.B., Schroeder, M., & Widenfalk, O. (2011) Long-
term priority effects among insects and fungi colonizing decaying wood. 
Journal of Animal Ecology, 80, 1155 – 1162. 
 
Wheatley, R., Hackett, C., Bruce, A., & Kundzewicz, A., (1997) Effect of 
substrate composition on production of volatile organic compounds from 
Trichoderma spp. inhibitory to wood decay fungus. International 
Biodeterioration and Biodegradation, 39, 199 – 205. 
 
Wickham, J.D., Xu, Z., & Teale, S.A. (2012) Evidence for a female-produced, 
long range pheromone of Anoplophora glabripennis (Coleoptera: 
Cerambycidae). Insect Science, 19, 355 – 371. 
 
Wildlife Trust (2010) Deadwood habitat action plan technical appendix. 
http://www.wildlifetrust.org.uk/urban/ecorecord/bap/html/deadwda.htm. 
[Accessed 20/11/2008]. 
Wiles, J.A. & Jepson, P.C. (2011) sub-lethal effects of deltamethrin residues 
on the within-crop behaviour and distribution of Coccinella septempunctata. 
Entomologia Experimentals et Applicata, 72, 33 – 45. 
 
Williams, R.N., Fickle, D.S., & Galfrod, J.R. (1992) Biological studies of 
Brachyserphus abruptus, (Hym.: Proctotrupidae), a nitidulid parasite. 
Entomophaga, 37, 91 – 98. 
 
Windeisen, E., Strobel, C., & Wegener, G. (2007) Chemical changes during 
the production of thermo-treated beech wood. Wood Science Technology, 41, 
523 – 536. 
 
 280 
Wink, M. (2003) Evolution of secondary metabolites from an ecological and 
molecular phylogenetic perspective. Phytochemistry, 64, 3 – 19. 
 
Wood, T.G. 1978. Food and feeding habits of termites. Brian, M.V. (ed.), 
Production Ecology of Ants and Termites. Cambridge University. Press, 
London. 
Woods, C.M., Woodward, S., Pinard, M.A., & Redfern, D.B. (2006) 
Colonization of Sitka spruce stumps by decay-causing hymenomycetes in 
paired inoculations. Mycological Research, 110, 854 – 868. 
 
Worrall, J.J., Anagnost, S.E., & Zabel, R.A. (1997) Comparison of wood decay 
among diverse lignicolous fungi. Mycologie, 89, 199 – 219. 
 
WWF (2012) www.wwf.org.uk [Accessed 20/06/2012]. 
 
Xue, H.J. & Yang, K.Y. (2008) Common volatiles are major attractants for 
neonate larvae of the specialist flea beetle Altica koreana (Coleoptera: 
Chrysomelidae). Naturwissenschaften, 95, 639 - 645. 
 
Yang, H., Yang, W., Liang, X-Y., Yang, M-F., Yang, C-P., Zhu, T-H., & Wu, X-
L. (2011) The EAG and behavioural responses of Batocera horsfieldi 
(Coleoptera: Cerambycidae) to the composition of volatiles. Journal of the 
Kansas Entomological Society, 84, 217 – 231. 
 
Yasui, H., Fujiwara-Tsujii, N., & Wakamura, S. (2011) Volatile attractant 
phytochemicals for a population of white-spotted longicorn beetles 
Anoplophora malasiaca (Thomson) (Coleoptera: Cerambycidae) fed on willow 
differ from attractants for a population fed on citrus. Chemecology, 21, 51 – 
58. 
 
Yasui, H., Yasuda, T., Fukaya, M., Akino, T., Wakamura, S., Hiral, Y., 
Kawasaki, K., Ono, H., Narahara, M., Kousa, K., & Fukuda, T. (2007) Host 
plant chemicals serve intraspecific communication in the white-spotted 
longicorn beetle, Anoplophora malasiaca (Thomson) (Coleoptera: 
Cerambycidae). Applied Entomological Zoology, 42, 255 – 268. 
 
Yin, X. (1999) The decay of forest woody debris: numerical modeling and 
implications based on some 300 data cases form North America. Oecologia, 
121, 81 – 98. 
 
Yuan, Z.L., Chen, Y.C., & Ma, X.J. (2011) Symbiotic fungi of Artemisia annua 
with special reference to endophytic colonisers. Plant Biosystems, 145, 492 – 
502. 
 
Zhang, J., Guan, L., & Ren, B. (2011) Fine structure and distribution of 
antennal sensilla of longicorn beetles Leptura arcuata and Leptura aethiops 
(Coleoptera: Cerambycidae). Annals of the Entomological Society of America, 
104, 778 – 787. 
 281 
 
Zhong, J.W. & van der Kamp, P.J. (1999) Pathology of conifer seed and 
timing of germination in high elevation subalpine fir and Engelmann spruce 
forests of the southern interior of British Columbia. Canadian Journal of Forest 
Research, 29, 187-193. 
 
Ziegenbein, F.C. & König, W.A., & Hanssen, H-P. (2010) Volatile metabolites 
from the wood-inhabiting fungi Bjerkandera adusta, Ganoderma applanatum, 
and Stereum hirsutum. Journal of Essential Oil Research, 22, 116-118. 
 
Zverlov, V.V., Höll, W., & Schwarz, W.H. (2003) Enzymes for digestion of 
cellulose and other polysaccharides in the gut of longhorn beetle larvae, 
Rhagium inquisitor L. (Col: Cerambycidae). International Biodeterioration and 
Biodegradation, 51, 175 – 179. 
